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ABSTRACT 
Objectives: To compare the effects of different sintering protocols on density, 
translucency, microstructure, crystallography, and biaxial flexural strength of different 
yttria concentrations of Tosoh zirconia materials (TZ-3YSB-E, TZ-3YB-E, Zpex, and 
Zpex Smile).  
Materials and Methods: A total of 242 zirconia discs were manufactured from 
commercially available Tosoh zirconia powders. Zpex smile, Zpex, TZ-3YB-E, and TZ-
3YSB-E were uniaxially dry pressed into cylindrical blocks using a 5/8-inch internal 
diameter steel die set under a hydraulic press load of 3,000 N (Carver Press). Blocks were 
partially sintered at 1000 °C and sectioned into discs with a thickness of 2 mm x 15 mm 
by an IsoMet 5000 section machine. The discs were fully sintered using three protocols: 1) 
regular sintering using Vita Zyrcomat T furnace at 1520 °C for 2 h (total cycle time of 7 
h); 2) fast sintering using Sirona inFire HTC SPEED at 1540 °C for 30 min (total cycle 





5 min (total cycle time of ~18 min). After sintering, the translucency was characterized 
by contrast ratio using a spectrophotometer (X-Rite Ci7600). The specimens were then 
subjected to one of the following post treatments: 1) no treatment (control), 2) low 
temperature degradation (LDT) using 120 °C steam for 1 day (LDT 1d), 3) low temperature 
degradation for 1 week (LDT 1wk), 4) cyclic loading fatigue for 50,000 cycles, and 5) 
cyclic loading fatigue for 100,000 cycles.  
The microstructure of the materials was characterized using a scanning electron 
microscope (SEM), and the crystal grain size was measured using NIH ImageJ. A ball-on-
three-balls biaxial flexural strength was performed at a crosshead speed of 0.5 mm/min 
using an Instron 5566A. The crystallographic phases of Tosoh zirconia were evaluated by 
X-ray diffraction (XRD) utilizing a D2 Phaser desktop diffractometer and the phase 
fraction was determined by full-profile refinements using GSAS-II software. The statistics 
were analyzed using JMP Pro 15.0 for comparing translucency, flexural strength, and grain 
size of all specimens. Statistical significance was assigned to p-values less than 0.05.  
Results: There was a significant difference in the density of zirconia powders, with Zpex 
Smile powder having the lowest density of 5.81g/cm3, whereas Zpex powder had the 
highest density of 5.93 g/cm3. Mean grain size for speed sintering Zpex Smile was 
significantly larger than fast and regular sintering protocols. Grain size of TZ-3YSBE for 
regular sintering was significantly larger than that of speed and fast sintering. Speed 
sintered zirconia showed a significantly higher contrast ratio than other sintering protocols. 
Fast sintering groups had significantly higher contrast ratios than regular sintering for Zpex 





and Zpex Smile had the lowest value. Overall, speed sintering resulted in the highest 
contrast ratio and regular sintering the lowest ratio. There was a statistically significant 
effect on crystal phases resulting from the zirconia powders and post sintering treatments. 
The results also indicated that Zpex Smile had a combination of cubic and tetragonal phases 
with a higher percentage of the cubic phase than other zirconia types. Speed sintered 
zirconia had significantly lower biaxial flexural strength values. However, there was no 
significant difference in biaxial flexural strength of TZ-3YB-E for different sintering 
protocols and post treatments. 
 
Conclusion: The sintering protocols significantly impacted zirconia grain size, 
crystallography, and biaxial flexural strength. Speed sintering provided lower translucency 
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CHAPTER 1: INTRODUCTION 
Over time, ceramic materials have progressively advanced as high strength materials for 
dental prostheses.1-6 Innovations in CAD/CAM technology and digital chairside processing	
combined with novel rapid sintering has led to more rapid and predictable fabrication of 
dental restorations.7-9 The objective is to advance ceramic dental materials with prevalent 
aesthetics and superior mechanical properties for long-term clinical versatility. 
1.1 Zirconia 
Zirconia (zirconium dioxide, ZrO2) is an oxidized form of zirconium (Zr). Pure zirconia 
without the addition of any elements is not quite useful as a structural material.10 The 
zirconia most often used in dentistry is yttria (Y2O3) stabilized tetragonal zirconia 
polycrystal (Y-TZP) ceramic.11 The addition of yttria is to stabilize the crystal structure 
transformation at an elevated temperature during sintering and enhance the physical 
properties of zirconia materials. Particularly, 3 mol% yttria-stabilized tetragonal zirconia 
polycrystal (3Y-TZP) ceramic can be completely densified with microstructure of smaller 
grain size to yield high bending strength (> 1000 MPa), a high wear resistance, and fracture 
toughness (5-9 MPa m1/2).12 Due to these improved mechanical properties, 3Y-TZP is 
generally considered a favorable material for making dental crowns and larger all-ceramic 
fixed dental prostheses (FDPs). Although it remains the toughest and strongest ceramic 
used in dentistry, the limited translucency is still a major disadvantage of these zirconia 
restorative materials.13  
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Recent studies have demonstrated that 3Y-TZP of different grades exhibited certain degree 
of light transmittance. However, zirconia-based ceramics still had a lower translucency 
than that of glass-ceramics, for which the results of excellent aesthetic are well 
documented.14 So far, many types of zirconia are commercially available.15 In addition to 
the conventional 3Y-TZP zirconia which tends to be opaque and consequently avoided in 
the anterior zone. High-translucent partially stabilized zirconia (PSZ) of 4 mol% (4Y-PSZ), 
or 5 mol% zirconia (5Y-PSZ) produced by using a higher yttria content has significantly 
decreased mechanical properties but maintains higher aesthetics.15 
1.1.1 Zirconia Phases 
Zirconia has three major phases depending on the sintering temperature applied: tetragonal 
(t), monoclinic (m), and cubic (c).16 At room temperature, zirconia exists in its most stable 
monoclinic phase. Above 1170 oC, zirconia transforms into tetragonal phase, and when the 
temperature increases to 2370 oC, it transforms into a cubic phase (Figure 1).16, 17 The 
cubic-to-monoclinic phase transformation happens in pure zirconia ceramics during 
cooling with a volumetric expansion of approximately 5%. This expansion gives rise to 
cracks, which in turn may fracture zirconia at room temperature.16 Therefore, due to these 





Figure 1. The structural phases of zirconia at various temperatures. 
However, it was shown that adding certain oxide components may change the presence 
and stability of three zirconia phases (i.e. m, t, c).18 The high-temperature cubic or 
tetragonal phases may be stabilized at room temperature, thus enabling the application of 
this ceramic in a large range of fields.19 By the addition of oxide components such as calcia 
(CaO), magnesia (MgO), yttria (Y2O3), or ceria (CeO2), zirconia may be primarily present 
in the tetragonal phase at room temperature.20 Moreover, a fully stabilized cubic phase 
(cubic zirconia) may be obtained if the right amount of components is added.16 On the other 
hand, adding smaller amounts (3 wt% to 5 wt%) leads to a partially stabilized zirconia 
(PSZ). While stabilized at room temperature, the tetragonal zirconia phase may change to 
monoclinic phase under stress with a subsequent volumetric increase of 3%. The change 
in this dimensional will divert energy from the crack and thereore can stop the crack, which 
leads to a transformation toughening mechanism.21 
The addition of certain oxide components described by Ruff and Ebert22 to zirconia almost 
a hundred years ago remains valid till now: pure zirconia alloyed with another oxide to 
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fully or partially stabilize cubic and/or tetragonal phase. Zirconia materials can be simply 
classified into three primary types according to the final stabilized microstructure: TZP, 
PSZ, FSZ, representing tetragonal zirconia polycrystal, partially stabilized zirconia, and 
fully stabilized zirconia, respectively.19 TZPs are commonly regarded as monoliths of 
tetragonal phase, although a secondary cubic phase may exist in TZPs. Most of TZPs that 
have been studied are those stabilized with yittria (Y2O3) or ceria (CeO2). 
1.1.2 Phase Transformation Toughening 
Transformation toughening of zirconia was first studied by Garvie, Hannink, and Parcoe.23 
When a crack develops in Y-TZP material, a related stress field surrounding the crack also 
develops. This can be sufficient to trigger the phase transformation from tetragonal to 
monoclinic, which has a volumetric expansion of approximate 3% (Figure 2).16 In other 
words, when a crack starts to propagate in Y-TZP, the crystal transformation that is induced 
due to the applied stress results in a resistance to continued crack growth. Y-TZP belongs 
to a particular family of transformation-toughened ceramics for which they all have a 
toughening mechanism within their microstructures in common.24 The crystal structure 
transformation from a tetragonal to a monoclinic that gives the superior mechanical 
properties. Therefore, Y-TZP merits a “universal” ceramic restorative material since it has 
enough mechanical properties to withstand stresses in all regions of the mouth, as well as 




Figure 2. Transform toughening mechanism of partially stabilized zirconia. 
1.1.3 Low-Temperature Degradation 
Aside from the above favorable effect of phase transformation toughening, the 
transformation from tetragonal crystal to monoclinic crystal structure may also be 
unintentionally triggered in a humid environment even without mechanical stress.25 This 
process is commonly referenced as low-temperature degradation (LTD) process, because 
this LTD process of the material happened at moderate temperatures below 400 oC and was 
considered to be most rapid in a temperature range of 200 – 300 oC.19, 26 When LTD 
occurred, the energy barrier for phase transformation from tetragonal to monoclinic is 
decreased, due to water molecules incorporated into the zirconia lattice matrix. The LTD 
mechanism has not yet been fully understood.27, 28 Therefore, the transformation from 
tetragonal to monoclinic gradually spreads along the surfaces and then penetrates into the 
depth of the materials, which is referred as a process of “nucleation-and-growth”, as 
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presented in Figure 3.29 So far, the LTD mechanism induced by water molecules has not 
been fully understood, but the following steps were proposed (Figure 3): i) Chemical 
adsorption of H2O molecules on surfaces of ZrO2; ii) Zr-O-Zr bond disrupted by Zr-OH 
bond formation; iii) OH- and/or O2- penetrated into the depth of materials by diffusion of 
grain boundary; iv) Oxygen vacancies filled by OH- and/or O2-; 5) oxygen vacancies 
reduction making the tetragonal phase destabilized.30  
The LTD process at room or body temperature proceeds very slowly, becoming significant 
only after years.26 Hydrothermally accelerated aging experiments have been performed at 
elevated temperatures to predict the LTD rate at body temperature. It should be mentioned 
that investigation of accelerated transformation has a direct association with the medical 
applications, especially taking into account the same way by which the material has to be 
sterilized as other surgical appliances. Steam sterilization at 134 oC is included in the 
typical process of sterilization and therefore 134 oC was selected for aging experiments of 
zirconia (Y-TZP) in an autoclave.31 After Y-TZP was subjected to hydrothermal treatment 
at 134 oC for a short-time period (a couple of hours), an obvious transformation from 
tetragonal to monoclinic crystal structure was observed. A high amount of monoclinic 
phase may be unfavorable to mechanical properties including flexural strength and fracture 
toughness. Therefore, the long-term clinical success of zirconia-based dental restorations  




Figure 3. Schematic of the steps for the low-temperature degradation (LTD) process. 
Low-temperature degradation (LTD) process in zirconia was first reported by Kobayashi 
et al. performed in an in vitro study.32 Following this research, considerable studies have 
been performed to investigate LTD process, and the results indicated that several material 
properties including grain size, purity, density as well as stabilizers type and content were 
responsible for susceptibility to LTD. If the density of zirconia is low and high presence of 
open porosity is in the material, water molecules can more readily penetrate into the 
material, leading to LTD acceleration.25 With increasing grain size, the stability of 
tetragonal crystal phase in Y-TZP decreased and becomes more susceptible to LTD. Thus, 
decrease of the grain size enhances the tetragonal phase stability.13, 33-35 The content of 
stabilizers also affected the zirconia susceptibility to LTD process.36 In respect of yttria-
stabilized zirconia, the susceptibility to LTD reduces with increasing yttria content. 
However, the stress-induced transformation toughening is restricted due to the increased 
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phase stability, resulting in the decrease of flexural strength and fracture toughness. Other 
stabilizers including ceria (CeO2) and magnesia (MgO) were used for dental applications.19 
An interest was attracted to ceria since ceria-stabilized zirconia has much higher LTD 
resistance than 3Y-TZP, contributed by tetravalent cation of Ce4+. Magnesia-stabilized 
zirconia contained tetragonal precipitates in a cubic lattice matrix.37 Because in the cubic 
matrix water molecule diffusion is slow and thus the progression rate of LTD is also slow.19 
However, magnesia-stabilized zirconia used as a dental material is limited by the lower 
strength and a higher sintering temperature needed.38 
1.2 Generations of Zirconia Restorative Materials 
1.2.1 3 mol% yttia-stabilized tetragonal zirconia polycrystal (3Y-TZP) 
The first-generation zirconia restorative materials contain alumina (Al2O3) sintering 
additives of 0.25 wt% and exhibit flexural strength above 1000 MPa.39, 40 The introduction 
of alumina in 3Y-TZP led to a reduction in the recrystallization rate, maintaining the 
particle size of the tetragonal crystal phase within the critical size without phase 
transformation to monoclinic phase.19 However, this generation of zirconia showed high 
opacity due to the inherent birefringence of non-cubic zirconia phases, leading to light 
scattering from additive inclusions, grain boundaries, and pores.41 They were primarily 
indicated as the framework materials used for porcelain-veneered crowns and fixed dental 
prostheses (FDPs) in anterior and posterior regions. Long-term clinical failure rates were 
higher than that of metal-core counterparts, mainly caused by veneer chipping but in some 
cases including interfacial delamination.42 Representatives of the first-generation zirconia 
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restorative materials are made from TZ-3YSB-E and TZ-3YB-E powders by Tosoh 
Corporation, Tokyo, Japan. 
1.2.2 3 mol% yttia-stabilized tetragonal zirconia polycrystal (3Y-TZP) with decreased 
alumina content 
The second-generation zirconia restorative materials have a slightly lower flexural strength 
and a higher translucency.43 In an attempt to improve the translucency of monolithic 
ceramics, processing of the second generation of 3Y-TZP was refined by dramatically 
decreasing the alumina additive content and minimizing porosity by sintering at a higher 
temperature.15 Y-TZP can be made more translucent by adjusting the sintering 
temperature.44 Literature showed that the translucency was influenced not only by the peak 
sintering temperature, but also by the length of dwell time at the peak temperature and the 
heating/cooling rate.9 This gave rise to slight improvement in translucency. Although these 
second-generation zirconia restorative materials are suitable for monolithic posterior 
restorations, they still lack aesthetic for use as monoliths in the anterior zone. A 
representative of the second-generation zirconia restorative materials is Zpex, Tosoh 
Corporation, Tokyo, Japan.	
1.2.3 5 mol% yttria-partially stabilized zirconia polycrystal (5Y-PSZ) 
The third-generation zirconia restorative materials has dramatically higher light 
transmission with improved optical properties suitable even for anterior teeth.45 The higher 
translucency is attained by slightly changing the yttria content (5 mol% instead of 3 mol%), 
leading to a greater amount of cubic-phase particles.46 However, the flexural strength 
between 550 and 800 MPa is substantially lower than that of the first-generation and 
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second-generation zirconia restorative materials but still much higher than any silica-based 
ceramics (408.3 ± 85.9 MPa was reported for the biaxial flexural strength of IPS e.max 
CAD).47 Some clinicians have started using full-contour zirconia (FCZ) for resin-bonded 
laminate veneers and partial-coverage inlays/onlays.39 However, appropriate caution needs 
to be exercised in placement of this class of zirconia restorative materials. A representative 
of the third-generation zirconia restorative materials is Zpex Smile, Tosoh Corporation, 
Tokyo, Japan.  
1.3 Sintering of Zirconia 
Sintering of zirconia is an important step in ceramic processing and has been considerable 
interest of many researchers.48 Previous studies have demonstrated that changes in 
sintering protocols directly affected the microstructure including grain size and porosity, 
density, as well as phase composition of zirconia.49-51 These changes can reflect on the 
optical and mechanical properties of zirconia restorative materials. Traditionally, sintering 
of Y-TZP ceramics usually involves slow and stable heating/cooling rates (typically 5 – 10 
oC per minute) combined with an extended dwell time (often up to several hours).52 
Sintering parameters affect the crystalline content. The holding time during sintering had 
an effect on the grain growth in the zirconia material. As the grain size increases, Y-TZP 
loses phase stability and becomes more susceptible to phase transformation from tetragonal 
to monoclinic under humidity environment (LTD), which may give rise to a gradual 
decrease in strength over time. However, with the grain size increasing, the translucency 
of zirconia increases, because this technique reduces grain boundary density and decreases 
the scattering from grain boundaries.53 Such dental restorations are esthetically suitable due 
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to their high translucency. On the other hand, new protocols for ultrafast ceramic sintering 
have been developed in dentistry.54 Speed sintering and super-speed sintering protocols 
have been proposed to meet the demand for cost- and time-effective chairside one-visit 
CAD/CAM-fabricated dental restorations, as well as to curb grain growth of Y-TZP while 
keeping a high zirconia density for better translucency.55, 56 A previous study has found 
that an increase in sintering temperature combined with a decrease in sintering time gave 
a smaller grain size and a higher translucency. The speed sintering effect on the biaxial 
flexural strength of 3Y-TZP and 5Y-PSZ has been investigated,48 as shown in Figure 4. 
The temperature and time for conventional sintering (CS) and speed sintering (SS) 
protocols were shown in Figure 4. The mean biaxial flexural strength of conventionally 
sintered inCoris TZICS and speed sintered CEREC ZrSS ceramics ranged between 822 ± 99 
MPa and 917 ± 135 MPa, respectively. Conventionally sintered Katana STMLCS and 
speed-sintered Katana STMLSS ceramics showed lower values between 702 ± 127 MPa 
and 619 ± 133 MPa, respectively (Figure 4). Noticeably, there was no statistically 
significant difference between the biaxial flexural strength of speed-sintered and 
conventionally zirconia ceramics for both the 3Y-TZP (CEREC ZrSS and inCoris TZICS) 
and 5Y-PSZ (Katana STMLSS and Katana STMLCS) grades. In another study, the 
specimens were super-speed sintered in a pre-heated furnace at 1580 oC for 10 min, the 
zirconia flexural strength was dramatically improved.50 It is still not clear why super-speed 
sintering may result in a higher flexural strength of Y-TZP. However, dental zirconia 
materials sintered by speed and super-speed sintering protocols have already been 
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commercially available, and likely used in patients’ mouths, although studies on their 
optical properties and mechanical properties remains limited.9  
 
Figure 4. (a) Conventional sintering (CS) and speed sintering (SS) protocols dependent of 
time and temperature. (b) Biaxial flexural strength of conventionally sintered and speed-
sintered zirconia. Weibull plot with 95% confidence bands. The horizontal dotted line 
stands for the Weibull characteristic strength at the failure probability of 63.2%. 
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Till now, the main drawbacks of speed and super-speed sintering are correlated with 
inhomogeneous densification of 3Y-TZP, which may have a negative effect on the 
microstructure of 3Y-TZP ceramics, consequently leading to mechanical defects and 
lowering its optical and mechanical properties.54, 57, 58 
1.4 Flexural strength  
Mechanical properties are important indications for dental restorative materials. A couple 
of methods are available to assess the mechanical properties of dental ceramics including 
the tensile test, compressive test, flexural test, hardness test, and fracture toughness test.59-
63 Dental ceramic is a brittle material and it is considerably stronger in compression relative 
to in tension side. Therefore, when tensile strength comes to evaluating brittle materials, it 
is a more valid property. 
Moreover, the flexural test is the most favorable not only for dental ceramics but also for 
dental polymers and cements, because of its relatively simple specimen preparation 
procedure. Importantly, there are no complex test fixtures needed. Flexural strength of 
dental ceramics can be tested with either uniaxial tests (e.g., four- or three-point bending 
bar specimen) or biaxial flexural tests (e.g., ring-on-ring tests, piston-on-ring, ball-on-
three-balls, and ball-on-ring). Considering its simplicity of sample preparation, the uniaxial 
flexural test is considered as a standard for dental ceramic strength testing. However, the 
main drawback of this approach is sensitive to defects and flaws near specimen edges.64 
Therefore, smooth surface finishing and accurate dimensions of the specimen are closely 
associated with the outcome. The use of the biaxial flexural test can solve this issue, which 
is not susceptible to the above defects and flaws near specimen edges. The specimen 
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geometry is the main difference between the uniaxial and biaxial and flexure testing. 
Compared to bar specimens, disc specimens used in biaxial flexural testing represent a 
surface-to-volume ratio closer to that of anatomically contoured dental crowns. Therefore, 
the effect of specimen geometry on the flexural strength values is diminished. 
1.5 Translucency 
Recently, various all-ceramic systems have been developed because of the increased needs 
and aesthetic requirements for both patients and dental professionals. The 3Y-TZP ceramic 
has attracted considerable attention in restorative dentistry because of its good 
biocompatibility and excellent mechanical properties.65	 Translucency is one of the 
important indications for the color and shade of restorative materials by mimicking natural 
teeth. It was first reported by Johnston et al. in 1995.66		Translucency was considered as 
the color difference of a given material thickness over white and black backgrounds.  
It has been stated in a few studies that specimen thickness, microstructure such as grain 
size and porosity, and chemical composition such as sintering additives and yttria 
concentrations affect translucency.67-70 To enhance the translucency of monolithic zirconia 
dental restorations, decreasing ceramic thickness is one option but it results in a reduction 
of restoration’s load bearing capacity because of the decrease in thickness.71 The 
elimination of light-scattering sintering additives (e.g. alumina) will improve translucency, 
but it requires a higher sintering temperature.13 A further improvement in translucency can 
be attained by reducing grain size of zirconia under 100 nm while reducing defects. This 
microstructure would permit transmission of light without considerable scattering, yielding 
a translucency comparable to dental porcelain.15 So far, it is still a challenging task to 
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achieve full densification of Y-TZP with a grain size of sub-100 nm. Last but not least, 
replacing some grains of tetragonal zirconia with cubic zirconia grains (optically isotropic) 
to reduce light scattering, leading to improvement of translucency.72 However, the trade-
off of this method seems that the flexural strength will decrease when the translucency 
increases by introducing more cubic phase. Moreover, the cubic phase of zirconia is more 
brittle than its tetragonal counterpart. 
1.6 Purposes of this Study 
(1) Analyze the microstructure, optical, and mechanical properties of dental zirconia with 
different yttria concentrations. (2) Investigate different sintering protocols to optimize the 
optical and mechanical properties of dental zirconia with different yttria concentrations.  
(3) Study the effects of low-temperature degradation and cyclic loading fatigue on 
microstructure and mechanical properties of dental zirconia with different yttria 
concentrations. 
	
1.7 Objectives of the Study 
• To evaluate the effect of different sintering protocols on translucency of dental 
zirconia with different yttria concentrations. 
• To assess the effect of different sintering protocols on biaxial flexural strength of 
dental zirconia with different yttria concentrations. 
• To investigate the effect of sintering protocols on microstructure of dental zirconia 
with different yttria concentrations. 
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• To study the effect of different sintering protocols combined with post treatments 
including low-temperature degradation and cyclic loading fatigue on 
microstructure and mechanical properties of dental zirconia with different yttria 
concentrations.  
1.8 Null hypothesis 
• The different sintering protocols have no significant effect on the translucency of 
dental zirconia with different yttria concentrations. 
• The different sintering protocols have no significant effect on the biaxial flexural 
strength of dental zirconia with different yttria concentrations. 
• The different sintering protocols have no significant effect on the microstructure of 
dental zirconia with different yttria concentrations. 
• The different sintering protocols combined with post treatments including low-
temperature degradation and cyclic loading fatigue have no significant effect on the 
microstructure and mechanical properties of dental zirconia with different yttria 
concentrations.  
1.9 Clinical Implications 
Speed sintering of zirconia materials is attractive because of fewer treatment appointments, 
reduced treatment time, and lower cost. Dentists should be aware of the clinically relevant 
effects of speed sintering on the microstructural, mechanical, and optical properties of 
different zirconia restorative materials. Further studies should focus on improving 




CHAPTER 2: MATERIALS AND METHODS 
The present study examines the effects of sintering protocols on the mechanical, optical, 
and crystal structures of four types of zirconia materials. The examined zirconia materials 
were Tosoh Y-TZP powders (Tosoh Corporation, Tokyo, Japan) with varying yttria and 
alumina contents. 
2.1 Zirconia Materials and Composition  
2.1.1 Zirconia Materials  
The following list of Tosoh Y-TZP powders (Tosoh Corporation, Tokyo, Japan) was 
utilized in this study (Figure 5). 
1. TZ-3YSB-E (LOT NO: SY307525B) 
2. TZ-3YB-E (LOT NO: Z305653B) 
3. Zpex (LOT NO: ZY306341B) 
4. Zpex Smile (LOT NO: ZY557502B) 
 
Figure 5. Tosoh Zirconia Powders A. Tosoh Zirconia TZ-3YSB-E, B. Tosoh Zirconia 
TZ-3YB-E, C. Tosoh Zirconia Zpex, and D. Tosoh Zirconia Zpex Smile. 
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2.1.2 Properties of Tosoh Zirconia Powders  
The four Tosoh zirconia powders varied in their physical properties, with particle sizes 
ranging from 40–90 nm, with TZ-3YSB-E (90 nm) being much larger than TZ-3YB-E (40 
nm). Their complete physical properties are presented in Table 173 and chemical 
compositions are shown in Table 2.73 TZ-3YSB-E and TZ-3YB-E are 3Y-TZP powders 
and had the same alumina (Al2O3) and yttria (Y2O3) content. In contrast, the amount of 
Al2O3 was dramatically decreased from 0.25 to 0.05 wt%, respectively, in the Zpex and 
Zpex Smile powders. 
Table 1. Physical properties of Tosoh Y-TZP powders. 
 
Table 2. Chemical composition of Tosoh Y-TZP powders. 
 
All the studied Tosoh Y-TZP powders demonstrated similar green body densities, ranging 
from 3.04 to 3.25 g/cm3. TZ-3YSB-E had the highest bending strength of 1400 MPa, while 
the bending strength of Zpex Smile was 600 MPa. The hardness and fracture toughness of 
 TZ-3YSB-E TZ-3YB-E Zpex Zpex Smile 
Particle size (nm) 90 40 40 45 
Crystalline Size (nm) 36 27 36 31 
Loss on Ignition (wt%) 3.4 3.6 4.0 4.2 
BET m2/g 7 16 13 11.9 
Bulk Density g/cm3 1.2 1.1 1.2 1.23 
 TZ-3YSB-E TZ-3YB-E Zpex Zpex Smile 
Y2O3 (wt%) 5.2 ± 0.5 5.2 ± 0.5 5.2 9.35 
HfO2 (wt%) < 5.0 < 5.0 < 5.0 --- 
Al2O3 (wt%) 0.25 0.25 0.05 0.05 
SiO2 (wt%) £ 0.02 £ 0.02 £ 0.02 £ 0.002 
Fe2O3 (wt%) £ 0.01 £ 0.01 £ 0.01 £ 0.002 
Na2O (wt%) £ 0.06 £ 0.04 £ 0.04 --- 
	
	 19 
TZ-3YSB-E, TZ-3YB-E, and Zpex were 1250 (Hv10) and 5 MPa·m0.5, respectively. 
However, Zpex Smile displayed much lower hardness and fracture toughness, 900 (Hv10) 
and 2.4 MPa·m0.5, respectively. Selected mechanical properties are presented in Table 3.73 
Table 3. Mechanical properties of Tosoh Y-TZP powders. 
Finally, phase fractions for these four Tosoh Y-TZP powders were obtained by performing 
full-profile fitting using the structural refinement software General Structure Analysis 
System II (GSAS-II) on the available X-ray diffraction (XRD) patterns presented in  
Table 4.74 These Tosoh Y-TZP powders exhibited major differences in the phase 
compositions of monoclinic, tetragonal, and cubic crystals.  
Table 4. Phase fractions of four Tosoh Y-TZP powders obtained by performing full-profile 
fitting using GSAS-II on X-ray diffraction (XRD) raw data. 
	
2.2 Design of Experiments 
The purpose of using the design of experiments (DOE) in this study was to randomize 
sequence, reduce co-factors, diminish variance, group the samples, decrease sample size, 
and attain high power. DOE was employed to determine sample size and sequence using 
 TZ-3YSB-E TZ-3YB-E Zpex Zpex Smile 
Green Body Density g/cm3 3.14 3.04 3.22 3.25 
Sintered Density g/cm3 6.07 6.06 6.08 6.046 
3-Point Bending Strength (MPa) 1400 1100 1100 600 
Hardness (Hv10)  1250 1250 1250 900 
Fracture Toughness MPa m0.5 5 5 5 2.4 
Phases Fraction 
Tosoh Y-TZP powders 
TZ-3YSB-E TZ-3YB-E Zpex Zpex Smile 
Monoclinic (w%) 17 18.17 40 0 
Tetragonal (%) 83 80.96 60 76.79 
Cubic (%) 0 0.87 0 23.21 
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JMP Pro (Version 15.0, SAS Institute Inc., Cary, NC). Data were input to create a sample 
size and sequence schematic with all 242 Tosoh zirconia discs (TZ-3YSB-E -60, TZ-3YB-
E -58, Zpex -62, and Zpex Smile -62) considering three main factors: Tosoh Y-TZP 
powders, sintering protocols, and post-treatments (Table 5–Table 8). Each factor had 
multiple levels. The types of Tosoh zirconia powders were TZ-3YSB-E, TZ-3YB-E, Zpex, 
and Zpex Smile, and the sintering protocols were regular, fast, and speed. The post 
treatments were control, low-temperature degradation LTD 1d, LTD 1wk, fatigue 50k 
cycles, and fatigue 100k cycles.  
Table 5. The design of experiments followed in this study for Tosoh TZ-3YSB-E discs 













LTD 1d 4 
LTD 1wk 4 
Fatigue 50k 3 
Fatigue 100k 5 
Fast 
Control 4 
LTD 1d 3 
LTD 1wk 4 
Fatigue 50k 4 






LTD 1d 4 
LTD 1wk 4 
Fatigue 50k 3 
Fatigue 100k 5 
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Table 6. The design of experiments followed in this study for Tosoh TZ-3YB-E discs 
 (n = 58), sintering protocols, and post-treatments.  












LTD 1d 4 
LTD 1wk 3 
Fatigue 50k 4 
Fatigue 100k 6 
Fast 
Control 4 
LTD 1d 3 
LTD 1wk 2 
Fatigue 50k 2 
Fatigue 100k 5 
Speed 
Control 5 
LTD 1d 4 
LTD 1wk 3 
Fatigue 50k 4 




Table 7. The design of experiments followed in this study for Tosoh Zpex discs (n = 62), 
sintering protocols, and post-treatments. 
















LTD 1d 5 
LTD 1wk 4 
Fatigue 50k 3 
Fatigue 100k 5 
Fast 
Control 4 
LTD 1d 4 
LTD 1wk 3 
Fatigue 50k 4 






LTD 1d 5 
LTD 1wk 4 
Fatigue 50k 3 





Table 8. The design of experiments followed in this study for Tosoh Zpex Smile discs  
(n = 62), sintering protocols, and post-treatments.  
 
2.3 Sample Preparation (Die Press Fabrication of Tosoh Zirconia Block) 
The hardened steel die mold configuration used for pressing Tosoh zirconia powders was 
5/8-inch (15.88 mm). The following is the protocol for making ceramic cylindrical blocks: 
(Figure 6) (i) a short plug was inserted into the hardened steel die, (ii) 15 grams of Tosoh 
zirconia powders (TZ-3YSB-E, TZ-3YB-E, Zpex, and Zpex Smile) were placed into the 
die, and (iii) the long plug was inserted into the opposite end of the cylinder. Then, using 
a hydraulic press (Carver Inc., Wabash, IN, USA), a load of 3000 N was applied uniaxially 
(Figure 7). After holding for 5 mins, the pressure was released. This led to the production 
of a green ceramic block that is pushed out of the mold using another steel barrel. 






















LTD 1d 5 
LTD 1wk 3 
Fatigue 50k 4 







LTD 1d 5 
LTD 1wk 3 
Fatigue 50k 3 







LTD 1d 4 
LTD 1wk 3 
Fatigue 50k 6 




2.3.1 Sintering procedure  
Tosoh zirconia blocks were partially sintered to 25–40 % theoretical density, calculated 
using the following equation:  
% Theoretical Density = Measured Density/Theoretical Density 
Theoretical Density of tetragonal zirconia = 6.08 g/cm3  3] 
TZ-3YSB-E, TZ-3YB-E, Zpex, and Zpex Smile ceramic blocks were partially sintered 
using a Zircar furnace (Hot Spot 110, Zircar Zirconia Inc., Florida, NY, USA; Figure 9). 
The partial sintering program is presented in Table 9 and Figure 8. 
 
 
Table 9. Partial sintering protocol followed in the study for Tosoh zirconia powders  








1. Room temp to 300 °C at 50 °C/h, 
Hold at 300 °C for 5 h 
2. 300 to 700 °C at 50 °C/h,  
Hold at 700 °C for 1 h 
3. 700 to 1000 °C for 50 °C/h,  






















Table 11. Regular sintering protocol for TZ-3YB-E, Zpex, and Zpex Smile. 
Heat Rate °C/min Temperature °C Hold Time Total Sintering Time 




Figure 19. Heating rate, temperature, and time settings for the regular sintering protocol 
for TZ-3YB-E, Zpex, and Zpex Smile. 
 
2.4.2 Fast Sintering Protocol 
Sirona inFire HTC speed furnace (Dentsply Sirona, Charlotte, NC, USA) was used for fast 
sintering protocol shown in Figure 20 as follows: from room temperature to 1540 °C at a 
rate of 30 °C/min, held for 30 minutes, then cooled to 750 o at the cooling rate of 70 oC/min, 
total cycle of 1.5 hours; used for TZ-3YSB-E, TZ-3YB-E, Zpex, and Zpex Smile (Table 




Figure 20. Sirona inFire HTC speed furnace (Dentsply Sirona, Charlotte, NC, USA). 
	
	






Heat Rate °C/min Temperature °C Hold Time Total Sintering Time 




Figure 21. Heating rate, temperature, and time settings for the fast sintering protocol for 
TZ-3YSB-E, TZ-3YB-E, Zpex, and Zpex Smile. 
 
2.4.3 Speed Sintering Protocol 
Sirona CEREC SpeedFire furnace (Dentsply Sirona, Charlotte, NC, USA) was used for 
speed sintering protocol (Figure 22). One sintering program was created based on a single 
crown and used for sintering of all specimens TZ-3YSB-E, TZ-3YB-E, Zpex, and Zpex 
Smile. The sintering parameters were from room temperature to 1579 °C at a rate of 10 





2.5.1 Low-Temperature Degradation (LTD) 
The LTD hydrothermal treatment protocols were used in this study for two groups of 
treatment. The first group was treated under 120 °C steam for 1 day (Table 14) and the 
second group was treated under 120°C steam for 1 week (Table 15). LTD hydrothermal 
treatment was performed using a steel pipe reactor in a Vulcan 3-1750 furnace (Dentsply 
Sirona, Charlotte, NC, USA), as presented in Figure 25. Stainless steel pipe reactors (Pober 
Industries, Waban, MA, USA) were filled with 20 mL of distilled water, and gauze was 
used to separate the five Tosoh zirconia discs. The threads of the stainless steel pipe 
reactors were first wrapped with two layers of Teflon tape. The lid of the reactor was then 
sealed and tightened to prevent leakage (Figure 26). Stainless steel pipe reactor was 
weighed before being placed in the furnace and after the cycle to ensure no water loss 
during LTD treatment.  
Table 14. Protocol of low-temperature degradation (1-day protocol). 
 
Table 15. Protocol of low-temperature degradation (1-week protocol).	
Heat Rate °C/min Temperature °C Hold Time  Total Sintering Time  
20 120 23 h 
24 h 
20 50 1 h 
Heat Rate °C/min Temperature °C Hold Time  Total Sintering Time  
20 120 167 h 
168 h 





2.6 Material Properties Testing  
2.6.1 Measurement of Translucency 
After sintering, the translucency was measured using a spectrophotometer (Ci7600, X-Rite, 
Incorporated, Grand Rapids, MI, USA; Figure 28). Manufacturer instructions were 
followed to calibrate the spectrophotometer before recording the data. White tile and a 
standard black trap were used to calibrate the spectrophotometer (Figure 29). After 
calibration, discs were situated at the center of a 6 mm aperture and gripped by tape, thus 
permitting light to hit the disc. Each specimen was measured twice against the white 
background and black trap.  
Color iControl software (X-Rite, Incorporated, Grand Rapids, MI, USA) was used to 
record the color measurement reading. Standard settings also included color coordinate 
CIE L*a*b* (L-brightness, A-red-to-green, and B-yellow-to-blue), standard temperature, 
10-degree observer angle, and D65 illumination source. 
Contrast ratio (CR) was calculated using the software Color iControl software (X-Rite, 
Incorporated, Grand Rapids, MI, USA). The contrast ratio was calculated using the 
following equation: 
CR = Yb / Yw × 100 
 
Yb is the spectral reflectance of the specimen over a black background and Yw is the 
spectral reflectance of the specimen over a white background. The CR value represent the 
transparency of the material. The material becomes transparent if CR value is towards 0, 











2.5 Statistical Analyses 
The least-square fit model with the restricted maximum likelihood (REML) method was 
used to evaluate the effects of the independent variables (sintering protocol, zirconia 
powder, post-treatment) and the secondary interaction on the flexural strength, contrast 
ratio, phase fraction, and grain size. One-way analysis of variance (ANOVA) was 
performed to compare sub-groups, with a statistical significance level assigned at α = 0.05. 
Tukey test was used to conduct post hoc pairwise comparisons. All statistical analyses were 






CHAPTER 3: RESULTS 
In this study, there are four different types of Tosoh zirconia powders (TZ-3YSB-E, TZ-
3YB-E, Zpex and Zpex Smile) with various yttria concentrations. Three different sintering 
protocols include regular, fast, and speed sintering. The specimens are subjected to five 
post treatments control, LTD 1d, LTD 1wk, Fatigue 50,000 cycles, and Fatigue 100,000 
cycles. Then the measurements of density, contrast ratio, and microstructures are 
performed. Phase composition and biaxial flexural strength of the specimens are 
investigated. 
In sections 3.1 – 3.3, the results described the density, contrast ratio, and microstructure of 
zirconia. The effects of zirconia powders, sintering protocols, and post treatments were 
included. In sections 3.4 – 3.5, the crystallographic analysis and biaxial flexural strength 
were presented. 
3.1 Zirconia Density 
There is statistically significant difference in density for Tosoh zirconia powders (p < 0.05) 
(Table 17). There is no statistically significant difference considering sintering protocols 
and post treatments. Furthermore, there is no significant secondary factor interaction 
registered for zirconia powder ´ sintering protocol, zirconia powder ´ post treatment, and 









Table 17. Summary of different factors effect on density. 
Source Log Worth P Value 
Zirconia Powder 12.136 0.00000 
Sintering Protocol 0.076 0.83931 
Post Treatment 0.288 0.51580 
Zirconia Powder ´ Sintering Protocol  1.026 0.09427 
Zirconia Powder ´ Post Treatment 0.046 0.89993 
Sintering Protocol ´ Post Treatment 0.302 0.49926 
3.1.1 Descriptive Analysis of Density  
The effects of Tosoh powders, sintering protocols, and post treatments on zirconia density 
are presented in Table 18 – Table 22. 














5 5.93 0.04 0.63 
Fast 4 5.86 0.17 2.85 
Speed 4 5.88 0.05 0.91 
TZ-3YB-E 
Regular 4 5.90 0.08 1.37 
Fast 4 5.90 0.07 1.25 
Speed 5 5.91 0.06 1.01 
Zpex 
Regular 4 5.94 0.05 0.84 
Fast 4 5.96 0.05 0.77 
Speed 4 5.90 0.08 1.33 
Zpex Smile 
Regular 4 5.71 0.10 1.81 
Fast 3 5.87 0.03 0.44 
Speed 5 5.83 0.06 0.95 









3.1.2 Zirconia Powder Effect on Density 
There is a significant difference in density of zirconia powder TZ-3YSB-E, TZ-3YB-E, 
Zpex, and Zpex Smile in Table 23 and Figure 35. Zpex Smile had the lowest density of 
5.81 g/cm3, whereas Zpex had the highest density of 5.93 g/cm3. 
Table 23. Density mean, standard deviation, coefficient of variance for zirconia type and 
Tukey test comparison. 
 Density, g/cm3 
 
 
Zirconia Powder N Mean Std Dev CV Significance* 
TZ-3YSB-E 60 5.86 0.08 1.31 B 
TZ-3YB-E 58 5.89 0.07 1.17 A/B 
Zpex 62 5.93 0.07 1.23 A 
Zpex Smile 62 5.81 0.08 1.41 C 
*Levels not connected by same letter are significantly different. 




Figure 35. Least square means plot of zirconia powder effect on density.  
3.1.3 Sintering Protocol Effect on Density 






Table 24 and Figure 36).  
Table 24. Mean, standard deviation, coefficient of variation of zirconia density following 





Sintering Protocol N Mean Std Dev CV Significance* 
Regular 84 5.88 0.09 1.53 A 
Fast 72 5.88 0.08 1.43 A 
Speed 86 5.86 0.08 1.42 A 
*Levels not connected by same letter are significantly different. 





Figure 36. Least square means plot of sintering protocol effect on density. 
 
 
3.1.4 Post Treatment Effect on Density     
There is no statistically significant difference in density for different post treatments 






Table 25. Mean, standard deviation, coefficient variable for different post treatments and 
Tukey test comparison.  
 Density, g/cm3 
 
 
Post Treatment N Mean Std Dev CV Significance* 
Control 50 5.88 0.09 1.57 A 
LTD 1d 50 5.88 0.07 1.24 A 
LTD 1wk 40 5.86 0.11 1.83 A 
Fatigue 50k 43 5.86 0.08 1.43 A 
Fatigue 100k 59 5.88 0.07 1.28 A 
    *Levels not connected by same letter are significantly different. 





Figure 37. Least square means plot of post treatment effect on density. 
3.2 Contrast Ratio  
There were statistically significant differences in contrast ratio recorded for zirconia 






26). However, there was no statistically significant effect for post treatments, and no 
significant secondary factor interaction registered for zirconia powder ́  post treatment and 
sintering protocol ´ post treatment (p > 0.05).  
Table 26. Summary of different factors effect on contrast ratio. 
Source Log Worth P Value 
Zirconia Powder 26.392 0.00000 
Sintering Protocol 29.271 0.00000 
Post Treatment 0.065 0.86016 
Zirconia Powder ´ Sintering Protocol 37.839 0.00000 
Zirconia Powder ´ Post Treatment 0.291 0.51221 
Sintering Protocol ´ Post Treatment 0.374 0.42277 
3.2.1 Descriptive Analysis of Contrast Ratio 
The contrast ratio mean and standard deviation of Tosoh zirconia obtained by different 
sintering protocols are presented in Figure 38 and Table 27. The effect of zirconia 
powders, sintering protocols, and post treatments on contrast ratio are summarized in Table 
28 – Table 32. Zpex Smile had the lowest contrast ratio and TZ-3YB-E had the highest. 
For zirconia powders, contrast ratio was increased in a sequence of regular, fast, and speed 









Figure 38. Contrast ratio mean and standard deviation for Tosoh zirconia obtained by 
different sintering protocols. Each error bar is added using 1 standard deviation. 
 
Table 27. The effect of zirconia powders and sintering protocols on contrast ratio and 
color values. 





Mean ± Std 
Dev 
Mean ± Std 
Dev 
Mean ± Std 
Dev 
 




Regular 21 88.20 ± 1.35 89.10 ± 0.62 -0.98 ± 0.08 0.41 ± 0.22 
Fast 19 89.18 ± 2.06 90.46 ± 0.78 -0.97 ± 0.09 1.34 ± 0.79 
Speed 20 92.96 ± 1.04 92.94 ± 1.05 -0.47 ± 0.10 1.92 ± 0.39 
TZ-3YB-E 
Regular 21 91.54 ± 0.98 89.94 ± 0.58 -1.03 ± 0.06 3.36 ± 0.27 
Fast 16 91.56 ± 2.19 90.37 ± 1.05 -1.2 ± 0.15 3.03 ± 1.37 
Speed 21 93.43 ± 0.84 91.68 ± 0.50 -1.04 ± 0.12 3.76 ± 0.35 
Zpex 
Regular 21 86.68 ± 2.31 86.01 ± 1.14 -1.02 ± 0.49 -0.81 ± 0.38 
Fast 20 88.16 ± 2.06 86.59 ± 1.04 -1.29 ± 0.09 -0.41 ± 0.32 
Speed 21 88.83 ± 1.89 89.51 ± 1.60 -1.07 ± 0.10 0.49 ± 0.27 
Zpex Smile 
Regular 21 82.94 ± 2.30 82.06 ± 2.46 -0.86 ± 0.09 -1.44 ± 0.39 
Fast 17 87.20 ± 2.67 87.43 ± 2.02 -0.90 ± 0.13 0.21 ± 1.32 
Speed 24 96.41 ± 1.07 95.86 ± 0.69 -0.36 ± 0.09 0.99 ±0.47 






Table 28. The effect of zirconia powders and sintering protocols on contrast ratio in the 
control group. 
 










5 88.24 1.81 2.05 
Fast 4 90.32 1.49 1.65 
Speed 4 93.73 0.71 0.76 
TZ-3YB-E 
Regular 4 91.39 0.33 0.36 
Fast 4 91.86 2.76 3.01 
Speed 5 93.75 0.75 0.80 
Zpex 
Regular 4 86.54 1.70 1.96 
Fast 4 87.41 2.72 3.11 
Speed 4 87.57 1.16 1.32 
Zpex Smile 
Regular 4 83.03 3.40 4.09 
Fast 3 88.35 4.20 4.75 
Speed 5 96.37 0.53 0.55 
*N is the number of measurements made for each sample. 
 
Table 29. The effect of zirconia powders and sintering protocols on contrast ratio for the 
post treatment of LTD 1d. 










4 88.29 1.59 1.80 
Fast 3 89.92 0.71 0.79 
Speed 4 92.29 1.26 1.36 
TZ-3YB-E 
Regular 4 91.65 0.80 0.87 
Fast 3 90.48 2.20 2.44 
Speed 4 93.23 0.96 1.03 
Zpex 
Regular 5 87.99 3.40 3.86 
Fast 4 88.63 2.73 3.08 
Speed 5 88.74 1.04 1.17 
Zpex Smile 
Regular 5 82.27 2.49 3.03 
Fast 5 86.61 3.57 4.13 
Speed 4 96.72 0.56 0.58 









Table 32. The effect of zirconia powders and sintering protocols on contrast ratio for the 
post treatment of fatigue 100,000 cycles. 












5 87.97 1.37 1.56 
Fast 4 89.07 0.99 1.12 
Speed 5 92.71 1.03 1.11 
TZ-3YB-E 
Regular 6 92.39 1.09 1.18 
Fast 5 91.85 2.85 3.10 
Speed 5 93.24 0.57 0.62 
Zpex 
Regular 5 86.77 2.23 2.58 
Fast 5 87.94 2.52 2.87 
Speed 5 89.59 2.65 2.96 
Zpex Smile 
Regular 5 83.91 1.20 1.43 
Fast 3 88.26 0.91 1.03 
Speed 6 95.74 1.59 1.66 
 *N is the number of measurements made for each sample. 
3.2.2 Zirconia Powder Effect on Contrast Ratio  
Contrast ratios mean and standard deviation for different Tosoh zirconia powders were 
presented in Table 33 and Figure 39. TZ-3YB-E had the highest least square means of 











Table 33. Contrast ratio mean, standard deviation, coefficient of variance for different 
zirconia powders and Tukey test comparison.  
 *Zirconia powders not connected by same letter are significantly different. 
 
 
Figure 39. Least square means plot of zirconia powder effect on contrast ratio.   
3.2.3 Sintering Protocol Effect on Contrast Ratio 
Contrast ratio mean and standard deviation for different sintering protocols in Table 34 
and Figure 40. Speed sintering had the highest least square mean of contrast ratio among 
different sintering protocols.	









TZ-3YB-E 58 92.18 0.24 92.23 1.64 1.77 A 
TZ-3YSB-E 60 90.11 0.23 90.10 2.57 2.85 B 
Zpex Smile 62 88.85 0.23 89.32 6.25 7.00 C 






Table 34. Contrast ratio mean, standard deviation, coefficient of variance for different 
sintering protocols and Tukey test comparison.  
 
 *Sintering protocol not connected by same letter are significantly different. 
 
 
Figure 40. Least square means plot of sintering protocol effect on contrast ratio. 
3.2.4 Interactive Effect between Zirconia Powder and Sintering Protocol  
There was a significant interactive effect on contrast ratio recorded for zirconia powders 
and sintering protocols (Table 35 and Figure 41). Zpex Smile had the highest contrast 




 CR, %  









Regular 84 87.34 0.20 87.34 3.59 4.11 C 
Fast 72 89.03 0.21 88.96 2.7 3.03 B 







3.3 Zirconia Microstructure  
3.2.1 SEM Images of Zirconia  
Surface microstructure of zirconia was observed using a scanning electron microscope 
(SEM) at different magnifications 5000x, 10000x, and 20000x. SEM images of the 
specimens obtained by different sintering protocols and different post treatments were 
presented, respectively.  
3.2.1.1 SEM Images of Tosoh Zirconia (Control) 
SEM images of Tosoh zirconia TZ-3YSB-E obtained by regular, fast, and speed sintering 
are shown in Figure 42. 
	
Figure 42. SEM images of Tosoh zirconia TZ-3YSB-E (control): (a) regular sintering, 






SEM images of Tosoh zirconia TZ-3YB-E obtained by regular, fast, and speed sintering 
are presented in Figure 43. 
	
Figure 43. SEM images of Tosoh zirconia TZ-3YB-E (control): (a) regular sintering, (b) 












SEM images of Tosoh zirconia Zpex obtained by regular, fast, and speed sintering are 
presented in Figure 44. 
	
Figure 44. SEM image of Tosoh zirconia Zpex (control): (a) regular sintering, (b) fast 












SEM images of Tosoh zirconia Zpex Smile obtained by regular, fast, and speed sintering 
are presented in Figure 45. 
	
Figure 45. SEM image of Tosoh zirconia Zpex Smile (control): (a) regular sintering, (b) 










3.2.1.2 SEM Images of Tosoh Zirconia TZ-3YSB-E (Post Treatments) 
SEM images of the specimens subjected to fatigue 50,000 cycles, fatigue 100,000 cycles, 
LTD 1d, and LTD 1wk for Tosoh zirconia TZ-3YSB-E obtained by different sintering 
protocols are shown in Figure 46 – Figure 48. 
 
Figure 46. SEM images of Tosoh zirconia TZ-3YSB-E (regular sintering) subjected to 
post treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 








Figure 47. SEM images of Tosoh zirconia TZ-3YSB-E (fast sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 









Figure 48. SEM images of Tosoh zirconia TZ-3YSB-E (speed sintering) subjected to 
post treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 














3.2.1.3 SEM Images of Tosoh Zirconia TZ-3YB-E (Post Treatments) 
SEM images of the specimens subjected to fatigue 50,000 cycles, fatigue 100,000 cycles, 
LTD 1d, and LTD 1wk for Tosoh zirconia TZ-3YB-E obtained by different sintering 
protocols are presented in Figure 49 – Figure 51. 
 
Figure 49. SEM images of Tosoh zirconia TZ-3YB-E (regular sintering) subjected to 
post treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 









Figure 50. SEM images of Tosoh zirconia TZ-3YB-E (fast sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 







Figure 51. SEM images of Tosoh zirconia TZ-3YB-E (speed sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 












3.2.1.4 SEM Images of Tosoh Zirconia Zpex (Post Treatments) 
SEM images of the specimens subjected to fatigue 50,000 cycles, fatigue 100,000 cycles, 
LTD 1d, and LTD 1wk for Tosoh zirconia Zpex obtained by different sintering protocols 
are shown in Figure 52 – Figure 54.  
	
Figure 52. SEM images of Tosoh zirconia Zpex (regular sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 








Figure 53. SEM images of Tosoh zirconia Zpex (fast sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 









Figure 54. SEM images of Tosoh zirconia Zpex (speed sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 
LTD 1wk. Scale bars represent 5 µm. 
3.2.1.5 SEM Images of Tosoh Zirconia Zpex Smile (Post Treatments) 
SEM images of the specimens subjected to fatigue 50,000 cycles, fatigue 100,000 cycles, 
LTD 1d, and LTD 1wk for Tosoh zirconia Zpex Smile obtained by different sintering 







Figure 55. SEM images of Tosoh zirconia Zpex Smile (regular sintering) subjected to 
post treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 








Figure 56. SEM images of Tosoh zirconia Zpex Smile (fast sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 







Figure 57. SEM images of Tosoh zirconia Zpex Smile (speed sintering) subjected to post 
treatments: (a) fatigue 50,000 cycles, (b) fatigue 100,000 cycles, (c) LTD 1d, and (d) 
LTD 1wk. Scale bars represent 5 µm. 
3.2.2 Descriptive Analysis of Grain Size  
The grain size of Tosoh zirconia obtained by different sintering protocols followed by post 
treatments was measured using ImageJ (U.S. National Institute of Health, Bethesda, MD) 
(Figure 58 and Table 36). The results revealed that Zpex Smile had the largest grain size 
among Tosoh zirconia, while Zpex had the smallest grain size. The mean of grain size 
(control) for TZ-3YSB-E, TZ-3YB-E and Zpex decreased from regular, fast to speed 






(548 ± 16.2 nm, 530 ± 31.4 nm, and 479 ± 14.8 nm), as compared to regular sintering (782 
± 22.2, 565 ± 19.8, and 529 ± 21.1 nm) and fast sintering (576 ± 21.7, 557 ± 26.7, and 522 
± 15.9 nm). In contrast, the mean of grain size for Zpex Smile increased from regular, fast 
to speed sintering. Speed sintering had the largest grain size for Zpex Smile (1754 ± 54.3 
nm), as compared to regular sintering (1054 ± 25.2 nm) and fast sintering (1169 ± 64 nm). 
However, post treatments had slight effects on the grain size (Table 36 and Figure 59 – 
Figure 62).  
 
Figure 58. The plot showing the relationship between actual grain size and predicted 










Table 36. The grain size mean, standard deviation and coefficient of variance for Tosoh 
zirconia. 
 Grain Size (nm) 
Zirconia Type Sintering Protocol Post Treatment N Mean ± Std Dev CV 
TZ-3YSB-E 
Regular 
Control 5 782.4 22.2 2.84 
LTD 1d 5 828.8 23.1 2.78 
LTD 1wk 5 850.1 13.5 1.58 
Fatigue 50k 5 875.0 13.2 1.51 
Fatigue 100k 5 816.7 27.1 3.32 
Fast 
Control 6 576.0 21.7 3.76 
LTD 1d 5 479.8 13.8 2.89 
LTD 1wk 5 558.9 15.2 2.72 
Fatigue 50k 5 630.7 17.5 2.77 
Fatigue 100k 6 576.0 21.7 3.76 
Speed 
Control 5 548.3 16.2 2.96 
LTD 1d 5 497.6 17.6 3.53 
LTD 1wk 5 513.9 13.1 2.54 
Fatigue 50k 5 630.0 24.0 3.80 
Fatigue 100k 5 562.3 17.8 3.16 
TZ-3YB-E 
Regular 
Control 5 565.9 19.8 3.49 
LTD 1d 5 601.0 33.0 5.50 
LTD 1wk 5 588.2 23.6 4.02 
Fatigue 50k 5 584.9 24.8 4.23 
Fatigue 100k 5 545.9 26.5 4.85 
Fast 
Control 5 557.3 26.7 4.79 
LTD 1d 5 607.8 26.1 4.30 
LTD 1wk 5 548.4 17.2 3.14 
Fatigue 50k 5 540.4 15.1 2.80 
Fatigue 100k 5 535.6 6.8 1.26 
Speed 
Control 5 530.0 31.4 5.93 
LTD 1d 5 560.7 26.4 4.70 
LTD 1wk 5 526.1 16.2 3.08 
Fatigue 50k 5 502.2 21.1 4.20 






 Grain Size (nm) 
Zirconia Type Sintering Protocol Post Treatment N Mean ± Std Dev CV 
Zpex 
Regular 
Control 5 529.2 21.1 3.98 
LTD 1d 5 539.7 9.4 1.74 
LTD 1wk 5 476.6 17.8 3.73 
Fatigue 50k 5 497.4 24.5 4.92 
Fatigue 100k 5 566.0 29.9 5.28 
Fast 
Control 5 522.4 15.9 3.04 
LTD 1d 5 502.5 25.8 5.13 
LTD 1wk 5 514.4 13.6 2.64 
Fatigue 50k 5 528.7 18.7 3.53 
Fatigue 100k 5 521.5 27.5 5.28 
Speed 
Control 5 479.3 14.8 3.09 
LTD 1d 5 445.1 10.4 2.34 
LTD 1wk 5 455.5 14.7 3.23 
Fatigue 50k 5 502.8 23.4 4.65 
Fatigue 100k 5 478.3 17.2 3.60 
Zpex Smile 
Regular 
Control 5 1054.0 25.2 2.39 
LTD 1d 5 1055.6 64.1 6.07 
LTD 1wk 5 1077.8 53.0 4.91 
Fatigue 50k 5 1040.0 85.4 8.21 
Fatigue 100k 5 1062.8 63.0 5.93 
Fast 
Control 5 1169.4 64.0 5.47 
LTD 1d 5 1216.6 59.9 4.92 
LTD 1wk 5 1304.3 91.4 7.01 
Fatigue 50k 5 1176.1 69.4 5.90 
Fatigue 100k 5 1305.0 58.6 4.49 
Speed 
Control 5 1754.1 54.3 3.10 
LTD 1d 5 2190.2 151.2 6.90 
LTD 1wk 5 2340.8 99.7 4.26 
Fatigue 50k 5 1982.1 182.3 9.20 










Figure 59. Grain size mean and standard deviation of TZ-3YSB-E for different sintering 
protocols followed by post treatments. Each error bar is constructed using 1 standard 
error from the mean. 
 
Figure 60. Grain size mean and standard deviation of TZ-3YB-E for different sintering 
protocols followed by post treatments. Each error bar is constructed using 1 standard 








Figure 61. Grain size mean and standard deviation of Zpex for different sintering 
protocols followed by post treatments. Each error bar is constructed using 1 standard 
error from the mean. 
 
 
Figure 62. Grain size mean and standard deviation of Zpex Smile for different sintering 
protocols followed by post treatments. Each error bar is constructed using 1 standard 







3.2.3 Zirconia Powder Effect on Grain Size 
The effect of different Tosoh zirconia powders on grain size was shown in Table 37 and 
Figure 63. There was a significant difference in grain size among zirconia powders (Table 
37). Zpex smile had the largest grain size while Zpex had the smallest grain size.  
Table 37. Grain size least square mean, standard error, mean for different zirconia powders 
and Tukey test comparison. 
 Grain Size, nm  
Zirconia powder N Least Sq Mean Std Error Mean Significance* 
TZ-3YSB-E 77 648.29 7.97 646.54 B 
TZ-3YB-E 75 555.36 8.06 555.36 C 
Zpex 75 503.97 8.06 503.97 D 












3.2.4 Sintering Protocol Effect on Grain Size 
Grain size means of zirconia for different sintering protocols were shown in Table 38 and 
Figure 64. Speed sintering had the largest grain size in comparison with regular and fast 
sintering using pooled data. However, the grain size of unpooled data exhibited a different 
trend: grain size for TZ-3YSB-E, TZ-3YB-E and Zpex decreased from regular, fast to 
speed sintering while grain size for Zpex Smile increased from regular fast to speed 
sintering. 
Table 38. Grain size least square mean, standard error, mean for different sintering 
protocols and Tukey test comparison. 
*Levels not connected by same letter are significantly different.    
 
 
Figure 64. Least square means plot of sintering protocol effect on grain size. 




Mean Std Error Mean Significance* 
Regular 75 746.90 6.98 746.90 B 
Fast 77 718.49 6.92 715.79 C 






3.2.5 Post Treatment Effect on Grain Size 
Grain size means of zirconia for different post treatments were shown in Table 39 and 
Figure 65. The grain size of control group was significantly smaller than those subjected 
to post treatment. LTD 1wk had the largest grain size among post treatments. The mean 
grain size increased from control (752 nm), fatigue 100k (771 nm), fatigue 50k (790 nm), 
LTD 1d (793 nm) to LTD 1wk (812 nm). 
	
Table 39. Grain size least square mean, standard error, mean for different post treatments 
and Tukey test comparison. 
	
 Grain Size, nm  
Post Treatment N Least Sq Mean Std Error Mean Significance* 
Control 46 755.79 8.95 752.74   C 
LTD 1d 45 793.80 9.02 793.80 A B  
LTD 1wk 45 812.92 9.02 812.93 A   
Fatigue 50k 45 790.85 9.02 790.85 A B  












3.2.6 Interactive Effect between Zirconia Powder and Sintering Protocol  
Grain size least square means registered for zirconia powders and sintering protocols were 
shown in Table 40 and Figure 66. Zpex Smile had the largest grain size (2012 nm) for 
speed sintering compared to regular sintering (1058 nm) and fast sintering (1234 nm). Zpex 
had the smallest grain size (472 nm) for speed sintering. The grain size of TZ-3YSB-E, 
TZ-3YB-E, and Zpex powder decreased in sequence from regular, fast to speed sintering. 
In contrast, Zpex Smile increased in sequence from regular, fast and to speed sintering. 
Table 40. Least square mean of grain size recorded for the interaction of zirconia powders 
and sintering protocols analyzed by Tukey test comparison. 
*Levels not connected by same letter are significantly different.	
	
 Significance* Least square Mean 
TZ-3YSB-E, Regular    D   830.62 
TZ-3YSB-E, Fast     E  563.85 
TZ-3YSB-E, Speed     E  550.41 
TZ-3YB-E, Regular     E  577.17 
TZ-3YB-E, Fast     E  557.92 
TZ-3YB-E, Speed     E F 530.99 
Zpex, Regular     E F 521.77 
Zpex, Fast     E F 517.91 
Zpex, Speed      F 472.23 
Zpex Smile, Regular   C    1058.03 
Zpex Smile, Fast  B     1234.27 









Table 41. Least square means of grain size recorded for the interaction of zirconia 
powders and post treatments analyzed by Tukey test comparison.	
*	Levels	not	connected	by	same	letter	are	significantly	different.	
	
Level Significance* Least square 
Mean 
Zpex Smile, LTD 1wk A         1574.29 
Zpex Smile, LTD 1day A B        1487.48 
Zpex Smile, Fatigue 50k  B C       1399.38 
Zpex Smile, Fatigue 100k   C       1387.40 
Zpex Smile, Control   C       1325.85 
TZ-3YSB-E, Fatigue 50k    D      711.88 
TZ-3YSB-E, Fatigue 100k    D E     650.57 
TZ-3YSB-E, LTD 1wk    D E F    640.96 
TZ-3YSB-E, Control    D E F    635.97 
TZ-3YSB-E, LTD 1day     E F G   602.07 
TZ-3YB-E, LTD 1day     E F G H  589.85 
TZ-3YB-E, LTD 1wk      F G H I 554.24 
TZ-3YB-E, Control      F G H I 551.06 
TZ-3YB-E, Fatigue 50k       G H I 542.49 
TZ-3YB-E, Fatigue 100k       G H I 539.16 
Zpex, Fatigue 100k       G H I 521.94 
Zpex, Control        H I 510.29 
Zpex, Fatigue 50k        H I 509.64 
Zpex, LTD 1day         I 495.78 








fraction affected by different factors was presented in Table 43 and Figure 75 – Figure 
78. The effects of zirconia powders, sintering protocols, and post treatment on each phase 
were analyzed separately in sections 3.4.2 – 3.4.4. 
 





















































Table 43. Crystallographic analysis of Tosoh zirconia for different sintering protocols and 
post treatments. 
 Monoclinic Cubic Tetragonal  
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Figure 79. Linear regression model for monoclinic phase (p < 0.05). 
 
3.4.2.1 Effect of Zirconia Powders on Monoclinic Phase Fraction  
The monoclinic phase fraction for different zirconia powders was shown in Table 45 and 
Figure 80. TZ-3YSB-E had the highest monoclinic phase fraction while Zpex Smile had 
the lowest. 
 
Source DF Sum of squares F Ratio Prob > F 
Zirconia Powder 3 5891.084 164.5767 <.0001 
Sintering Protocol 2 81.502 3.4153 0.0384 
Post Treatment 4 32796.928 687.1754 <.0001 
Sintering Protocol ´ Zirconia Powder 6 95.301 1.3312 0.2550 
Sintering Protocol ´ Post Treatment 8 244.761 2.5642 0.0163 






Table 45. Monoclinic phase fraction mean and standard error for different zirconia 
powders analyzed by Tukey test comparison. 




Figure 80. Least square means plot of zirconia powder effect on monoclinic phase. 
 
3.4.2.2 Effect of Sintering Protocols on Monoclinic Phase Fraction 
The monoclinic phase fraction for different sintering protocols was presented in Table 46 
and Figure 81. Fast sintering had the highest monoclinic phase fraction while speed 
sintering had the lowest. 
 
Zirconia powder Least Sq Mean Std Error Mean Significance* 
TZ-3YSB-E 18.50 0.82 22.29 A 
TZ-3YB-E 18.84 0.87 18.23 A 
Zpex 20.65 0.63 7.99 A 






Table 46. Monoclinic phase fraction mean and standard error for different sintering 
protocols and Tukey test comparison. 
Sintering 
Protocol Least Sq Mean Std Error Mean Significance* 
Regular 15.08 0.63 13.57 A B 
Fast 15.39 0.67 8.06 A  
Speed 13.07 0.70 10.22  B 






Figure 81. Least square means plot of sintering protocol effect on monoclinic phase. 
3.4.2.3 Effect of Post Treatments on Monoclinic Phase Fraction  
The monoclinic phase fraction for different sintering post treatments was presented in 
Table 47 and Figure 82. LTD 1wk had the highest monoclinic phase fraction. Control, 
fatigue 50,000 cycles, and 100,000 cycles had similar but much lower monoclinic phase 







Table 47. Monoclinic phase mean and standard error for different post treatments and 
Tukey test comparison.  
Post Treatment Least Sq Mean Std Error Mean Significance* 
Control  0 0.78 0.095 C 
LTD 1d 16.23 0.85 16.83 B 
LTD 1wk 55.89 0.96 58.73 A 
Fatigue 50k 0.15 0.87 0.06 C 
Fatigue 100k 0.35 0.86 0.18 C 





Figure 82. Least square means plot of post treatment effect on monoclinic phase. 
3.4.2.4 Interactive Effect between Sintering Protocol and Zirconia Powder on 
Monoclinic Phase Fraction 
The least square means of monoclinic phase fraction registered for zirconia powders and 
sintering protocols were presented in Table 48 and Figure 83. Zpex Smile has the 
significantly lower monoclinic phase fraction than other three zirconia powders for 







3.4.2.5 Interactive Effect between Sintering Protocol and Post Treatment on 
Monoclinic Phase Fraction 
The least square means of monoclinic phase fraction registered for sintering protocols and 
post treatments were presented in Table 49 and Figure 84. LTD 1wk had a significantly 
higher monoclinic phase fraction than other post treatments for different sintering 
protocols. 
 
Table 49. Least square means of monoclinic phase fraction for the interaction of sintering 
protocols and post treatments analyzed by Tukey test comparison. 
 Significance* Least Sq Mean 
Regular, LTD 1wk A    57.65 
Speed, LTD 1wk A    55.34 
Fast, LTD 1wk A    54.68 
Fast, LTD 1d  B   22.052 
Regular, LTD 1d  B C  15.43 
Speed, LTD 1d   C  11.21 
Regular, Fatigue 100k    D 0.96 
Regular, Fatigue 50k    D 0.83 
Regular, Control    D 0.54 
Fast, Fatigue 100k    D 0.34 
Fast, Fatigue 50k    D 0.09 
Fast, Control    D -0.19 
Speed, Fatigue 100k    D -0.25 
Speed, Fatigue 50k    D -0.45 
Speed, Control    D -0.49 







Table 50. Least square means of monoclinic phase fraction for the interaction of zirconia 
powders and post treatments analyzed by Tukey test comparison.  
 Significance* Least Sq Mean 
TZ-3YB-E, LTD 1wk A    78.18 
TZ-3YSB-E, LTD 1wk A    73.34 
Zpex, LTD 1wk A    71.383 
Zpex, LTD 1d  B   31.19 
TZ-3YSB-E, LTD 1d   C  18.64 
TZ-3YB-E, LTD 1d   C  16.01 
Zpex Smile, Fatigue 100k    D 0.67 
Zpex Smile, LTD 1wk    D 0.65 
TZ-3YSB-E, Fatigue 100k    D 0.46 
TZ-3YSB-E, Fatigue 50k    D 0.35 
Zpex, Control    D 0.316 
Zpex, Fatigue 100k    D 0.26 
Zpex Smile, Fatigue 50k    D 0.17 
Zpex, Fatigue 50k    D 0.09 
TZ-3YB-E, Fatigue 100k    D 7.11 
TZ-3YB-E, Fatigue 50k    D 0.00 
TZ-3YB-E, Control    D -2.22 
Zpex Smile, Control    D -0.22 
TZ-3YSB-E, Control    D -0.28 
Zpex Smile, LTD 1d    D -0.92 








Table 51. Summary of different factors effect on cubic phase fraction. 
Source DF Sum of squares F Ratio Prob > F 
Sintering Protocol 2 1.027 0.1367 0.8725 
Zirconia Powder 3 16590.524 1471.925 <.0001* 
Post Treatment 4 14.111 0.9390 0.4466 
Sintering Protocol ´ Zirconia Powder 6 17.353 0.7698 0.5962 
Sintering Protocol ´ Post Treatment 8 14.489 0.4820 0.8650 




Figure 86. Linear regression model for cubic phase (p < 0.05). 
	
3.4.3.1 Effect of Zirconia Powders on Cubic Phase Fraction 
The cubic phase fraction for different zirconia powders was presented in Table 52 and 
Figure 87. Zpex Smile had a significantly higher cubic phase fraction than other three 
zirconia powders, but the cubic phase fraction for TZ-3YSB-E, TZ-3YB-E, and Zpex was 







Table 52. Cubic phase fraction least square mean for different zirconia powders analyzed 
by Tukey test comparison. 
Zirconia 
powder Least Sq Mean Std Error Mean Significance* 
TZ-3YSB-E 8.23 0.46 8.29 B 
TZ-3YB-E 6.81 0.49 6.78 B 
Zpex 7.11 0.36 6.88 B 
Zpex Smile 40.27 0.43 40.26 A 




Figure 87. Least square means plot of zirconia powder effect on cubic phase. 
 
3.4.3.2 Effect of Sintering Protocols on Cubic Zirconia	
The cubic phase fraction for different sintering protocols was shown in Table 53 and 
Figure 88. The cubic phase fraction was dominated by Zpex Smile in the pooled data, and 






88). The difference in cubic phase fraction for different sintering protocols was shown in 
Table 55 and Figure 90 of section 3.4.3.4. 
Table 53. Cubic phase fraction mean and standard error for different sintering protocols 
analyzed by Tukey test comparison. 
Sintering 
Protocol 
Least Sq Mean Std Error Mean Significance* 
Regular 15.62 0.35 13.14 A 
Fast 15.46 0.38 14.57 A 
Speed 15.74 0.39 15.98 A 





Figure 88. Least square means plot of sintering protocol effect on cubic phase. 
3.4.3.3 Effect of Post Treatments on Cubic Phase Fraction 
The cubic phase fraction for different post treatments was presented in Table 54 and 
Figure 89. The cubic phase fraction was dominated by Zpex Smile in the pooled data and 






phase fraction for different post treatments was shown in Table 56 and Figure 91of section 
3.4.3.5.  
Table 54. Cubic phase fraction mean and standard error for different post treatments 
analyzed by Tukey test comparison. 
*Levels not connected by same letter are significantly different. 
 
 
Figure 89. Least square means plot of post treatment effect on cubic phase. 
3.4.3.4 Interactive Effect between Sintering Protocol and Zirconia Powder on Cubic 
Phase Fraction 
The least square means of cubic phase fraction registered for sintering protocols and 
zirconia powders were presented in Table 55 and Figure 90. Zpex Smile had a 
Post Treatment Least Sq Mean Std Error Mean Significance* 
Control 15.20 0.44 16.13 A 
LTD 1d 15.35 0.48 14.29 A 
LTD 1wk 16.46 0.54 15.56 A 
Fatigue 50k 15.44 0.49 12.13 A 







3.4.3.5 Interactive Effect between Zirconia Powder and Post Treatment on Cubic 
Phase Content  
The least square means of cubic phase fraction registered for zirconia powders and post 
treatments were presented in Table 56 and Figure 91. Zpex Smile had a significantly 
higher cubic phase fraction than other three zirconia powders. There was no significant 
difference for post treatments among zirconia powders. 
Table 56. Cubic phase content least square means plot for different Tosoh zirconia 
powders and post treatments and Tukey test comparison.  
 
 
*Levels not connected by same letter are significantly different. 
 
 
 Significance Least Sq Mean 
Zpex Smile, Fatigue 50k A  40.793058 
Zpex Smile, Fatigue 100k A  40.613695 
Zpex Smile, Control A  40.180883 
Zpex Smile, LTD 1d A  39.971679 
Zpex Smile, LTD 1wk A  39.780000 
TZ-3YSB-E, LTD 1wk  B 10.644056 
TZ-3YB-E, LTD 1wk  B 8.210000 
TZ-3YSB-E, Fatigue 100k  B 7.910000 
TZ-3YSB-E, LTD 1d  B 7.705406 
TZ-3YSB-E, Control  B 7.540170 
Zpex, Control  B 7.347927 
TZ-3YSB-E, Fatigue 50k  B 7.336667 
Zpex, LTD 1d  B 7.306228 
Zpex, LTD 1wk  B 7.200000 
Zpex, Fatigue 100k  B 6.888341 
TZ-3YB-E, Fatigue 100k  B 6.866667 
TZ-3YB-E, Fatigue 50k  B 6.850000 
Zpex, Fatigue 50k  B 6.799389 
TZ-3YB-E, LTD 1d  B 6.406981 












Figure 92. Linear regression model for tetragonal phase (p < 0.05). 
 
3.4.4.1 Effect of Zirconia Powders on Tetragonal Phase Fraction 
The tetragonal phase fraction for different zirconia powders was presented in Table 58 and 
Figure 93. The tetragonal phase fraction of Zpex Smile was significantly higher than other 
three zirconia powders, but that for TZ-3YSB-E, TZ-3YB-E, and Zpex was not 
significantly different, ranging from 72% to 74%. 
Source DF Sum of squares F Ratio Prob > F 
Zirconia Powder 3 2791.05 65.7958 <.0001* 
Sintering Protocol 2 66.52 2.3525 0.1026 
Post Treatment 4 34025.73 601.5886 <.0001* 
Zirconia Powder ´ Sintering Protocol  6 148.36 1.7488 0.1225 
Zirconia Powder ´ Post Treatment 12 12248.89 72.1884 <.0001* 






Table 58. Tetragonal phase fraction least square mean for zirconia powders analyzed by 
Tukey test comparison.  
Zirconia powder Least Sq Mean Std Error Mean Significance* 
TZ-3YSB-E 73.27 0.89 69.42 A 
TZ-3YB-E 74.35 0.95 74.99 A 
Zpex 72.24 0.69 85.12 A 
Zpex Smile 59.66 0.84 59.50 B 






Figure 93. Least square means plot of zirconia powder effect on tetragonal phase. 
3.4.4.2 Effect of Sintering Protocols on Tetragonal Phase Fraction 
The tetragonal phase fraction for different sintering protocols was presented in	Table 59 









control, fatigue 50k, and fatigue 100k. Moreover, the tetragonal phase fraction of LTD 1wk 
was significantly lower than LTD 1d. 
Table 60. Tetragonal phase fraction least square mean for different post treatments 
analyzed by Tukey test comparison.  
Post Treatment Least Sq Mean Std Error Mean Significance* 
Control 84.84 0.85 83.77 A 
Fatigue 50k 84.40 0.94 87.80 A 
Fatigue 100k 84.08 0.94 85.60 A 
LTD 1d 68.42 0.92 68.89 B 
LTD 1wk 27.65 1.04 25.71 C 












3.4.4.4 Interactive Effect between Zirconia Powder and Sintering Protocol on 
Tetragonal Phase Fraction 
The least square means of tetragonal phase fraction registered for zirconia powders and 
sintering protocols were presented in Table 61 and Figure 96. Zpex Smile had the lowest 
tetragonal phase fraction compared to other three zirconia powders for different sintering 
protocols. TZ-3YSB-E, TZ-3YB-E, and Zpex Smile had similar tetragonal phase fraction 
for different sintering protocols.  
Table 61. Least square means of tetragonal phase fraction for the interaction of zirconia 
powders and sintering protocols analyzed by Tukey test comparison.  
 
 Significance* Least square Mean 
TZ-3YSB-E, Regular A B  72.27 
TZ-3YSB-E, Fast A B  72.60 
TZ-3YSB-E, Speed A B  74.94 
TZ-3YB-E, Regular A B  72.39 
TZ-3YB-E, Fast A B  72.53 
TZ-3YSB-E, Speed A   78.12 
Zpex, Regular A B  73.72 
Zpex, Fast  B  71.30 
Zpex, Speed A B  71.71 
Zpex Smile, Regular   C 58.82 
Zpex Smile, Fast   C 60.18 
Zpex Smile, Speed   C 59.99 









3.4.4.6 Interactive Effect between Zirconia Powder and Post Treatment on 
Tetragonal Phase Fraction 
The least square means of tetragonal phase fraction for the interaction of zirconia powders 
and post treatments were presented in Table 63 and Figure 98. LTD 1wk had significantly 
lower tetragonal phase than other post treatments for TZ-3YSB-E, TZ-3YB-E, and Zpex.  
Table 63. Least square means of tetragonal phase fraction for the interaction of zirconia 
powders and post treatments analyzed by Tukey test comparison. 
Level Significance* Least Sq Mean 
TZ-3YSB-E, Control A    92.74 
TZ-3YSB-E, LTD 1d  B   73.65 
TZ-3YSB-E, LTD 1wk    D 16.02 
TZ-3YSB-E, Fatigue 50k A    92.31 
TZ-3YSB-E, Fatigue 100k A    91.63 
TZ-3YB-E, Control A    91.26 
TZ-3YB-E, LTD 1d  B   77.59 
TZ-3YB-E, LTD 1wk    D 13.61 
TZ-3YB-E, Fatigue 50k A    93.15 
TZ-3YB-E, Fatigue 100k A    93.13 
Zpex, Control A    92.34 
Zpex, LTD 1d   C  61.50 
Zpex, LTD 1wk    D 21.42 
Zpex, Fatigue 50k A    93.11 
Zpex, Fatigue 100k     92.85 
Zpex Smile, Control   C  60.04 
Zpex Smile, LTD 1d   C  60.95 
Zpex Smile, LTD 1wk   C  59.57 
Zpex Smile, Fatigue 50k   C  59.04 
Zpex Smile, Fatigue 100k   C  58.72 








Table 64. Summary of different factors effect on biaxial flexural strength. 
Source Log Worth P Value 
Zirconia Powder 38.213 0.00000 
Sintering Protocol 6.886 0.00000 
Post Treatment 2.305 0.00496 
Sintering Protocol ´ Post Treatment 1.640 0.02293 
Zirconia Powder ´ Post Treatment 1.507 0.03115 
Sintering Protocol ´ Zirconia Powder 0.164 0.68497 
	
	
Figure 99. Linear regression model for biaxial flexural strength (p < 0.0001 and RSq = 
0.66). 
3.5.1 Descriptive Analysis of Biaxial Flexural Strength 
Biaxial flexural strength mean and standard deviation of Tosoh zirconia obtained by 
different sintering protocols followed by different post treatments in this study were 







Figure 100. Biaxial flexural strength mean and standard deviation of Tosoh zirconia 
obtained by different sintering protocols (i.e., regular, fast, speed). 
Each error bar is constructed using one standard error from the mean. 
Table 65. The effect of zirconia powders and sintering protocols on biaxial flexural 
strength in the control group. 
  Flexural Strength, MPa 
Zirconia  





5 897.36 105.63 
Fast 4 898.47 123.59 
Speed 4 790.69 220.62 
TZ-3YB-E 
Regular 4 706.72 128.11 
Fast 4 847.17 245.89 
Speed 5 739.46 84.49 
Zpex 
Regular 4 850.59 58.4 
Fast 4 927.8 137.26 
Speed 4 876.11 136.4 
Zpex Smile 
Regular 4 505.14 71.03 
Fast 3 668.09 132.52 
Speed 5 385.67 125.5 







Table 66. The effect of zirconia powders and sintering protocols on biaxial flexural 
strength for the post treatment of LTD 1d. 
  Flexural Strength, MPa 
Zirconia  




4 933.77 111.84 
Fast 3 806.71 156.38 
Speed 4 576.09 414.55 
TZ-3YB-E 
Regular 4 984.45 177.76 
Fast 3 950.23 96.91 
Speed 4 724.36 354.43 
Zpex 
Regular 5 982.43 146.07 
Fast 4 846.7 145.9 
Speed 5 607.7 303.59 
Zpex Smile 
Regular 5 489.17 89.65 
Fast 5 563.58 151.66 
Speed 4 311.54 142.35 
*N is the number of measurements made for each sample. 
 
Table 67. The effect of zirconia powders and sintering protocols on biaxial flexural 
strength for the post treatment of LTD 1wk. 
  Flexural Strength, MPa 
Zirconia  




4 1067.98 63.11 
Fast 4 1016.85 24.55 
Speed 4 902.46 252.66 
TZ-3YB-E 
Regular 3 1017.08 21.05 
Fast 2 998.40 11.39 
Speed 3 955.25 78.03 
Zpex 
Regular 4 964.03 71.37 
Fast 3 920.87 55.75 
Speed 4 963.38 88.89 
Zpex Smile 
Regular 3 484.42 63.91 
Fast 3 478.91 63.19 
Speed 3 339.00 189.52 






Table 68. The effect of zirconia powders and sintering protocols on biaxial flexural 
strength for the post treatment of fatigue 50,000 cycles. 
  Flexural Strength, MPa 
Zirconia  






3 775.49 183.28 
Fast 4 766.5 345.51 
Speed 3 658.96 81.73 
TZ-3YB-E 
Regular 4 909.73 165.32 
Fast 2 726.10 120.52 
Speed 4 786.45 151.81 
Zpex 
Regular 3 930.21 215.68 
Fast 4 863.09 94.71 
Speed 3 774.75 44.46 
Zpex Smile 
Regular 4 518.18 40.61 
Fast 3 479.28 53.48 
Speed 4 459.17 72.89 
*N is the number of measurements made for each sample. 
 
 
Table 69. The effect of zirconia powders and sintering protocols on biaxial flexural 
strength for the post treatment of fatigue 100,000 cycles. 
  Flexural Strength, MPa 
Zirconia  






5 917.93 120.12 
Fast 4 813.28 126.70 
Speed 5 776.43 79.93 
TZ-3YB-E 
Regular 6 845.67 52.87 
Fast 5 821.23 294.91 
Speed 5 799.89 154.83 
Zpex 
Regular 5 961.84 118.81 
Fast 5 977.21 105.83 
Speed 5 837.11 138.38 
Zpex Smile 
Regular 5 487.44 38.09 
Fast 3 479.92 45.40 
Speed 5 386.28 123.44 






3.5.2 Effect of Zirconia Powders on Biaxial Flexural Strength 
The biaxial flexural strength for different zirconia powders was presented in Table 70 and 
Figure 101. Biaxial flexural strength of Zpex Smile was significantly lower than TZ-
3YSB-E, TZ-3YB-E, and Zpex. There was no significant difference in biaxial flexural 
strength for TZ-3YSB-E, TZ-3YB-E, and Zpex. 
Table 70. Biaxial flexural strength least square means for different zirconia powders 
analyzed by Tukey test comparison.  
      *Levels not connected by same letter are significantly different. 
 
 
Figure 101: Least square means plot of zirconia powder effect on biaxial flexural 
strength. 
 
 Biaxial Flexural Strength, MPa  
Zirconia 
Powder N Least Sq Mean Std Error Mean Std Dev Significance 
TZ-3YSB-E 60 841.89 19.77 845.77 205.98 A 
TZ-3YB-E 58 856.04 20.73 843.60 184.09 A 
Zpex 62 886.87 19.52 885.09 162.92 A 






3.5.3 Effect of Sintering Protocols on Biaxial Flexural Strength 
The biaxial flexural strength for sintering protocols was presented in Table 71 and Figure 
102. The biaxial flexural strength of speed sintering was significantly lower than regular 
and fast sintering. However, there was no significance difference in biaxial flexural 
strength between regular and fast sintering. It should be mentioned that low biaxial flexural 
strength of Zpex Smile led to smaller least square means for different sintering protocols 
by using pooled data.  
Table 71. Biaxial flexural strength least square means for different sintering protocols 
analyzed by Tukey test comparison.  




Figure 102: Least square means plot of sintering protocol effect on biaxial flexural 
strength. 
 




Mean Std Error Mean Std Dev Significance* 
Regular 84 811.66 16.80 811.18 220.30 A 
Fast 72 795.42 18.21 799.00 217.45 A 






3.5.4 Effect of Post Treatments on Biaxial Flexural Strength 
The least square means of biaxial strength flexural for different post treatments was 
presented in Table 72 and Figure 103. The biaxial flexural strength of LTD 1wk was 
significantly higher compared to other post treatments. However, no significant difference 
was observed for control, LTD 1d, fatigue 50k, and fatigue 100k cycles. 
Table 72. Biaxial flexural strength least square means for different post treatments 
analyzed by Tukey test comparison.  




Figure 103. Least square means plot of post treatment effect on biaxial flexural strength. 




Mean Std Error Mean Std Dev Significance* 
Control 50 756.27 21.57 754.55 208.68 B 
LTD 1d 50 730.85 21.71 719.86 287.49 A/B 
LTD 1wk 40 842.78 24.39 856.05 255.18 A 
Fatigue 50k 41 726.33 23.81 720.02 210.83 B 






3.5.5 Interactive Effect between Zirconia Powder and Sintering Protocol 
The least square means of biaxial flexural strength for the interactive effect of zirconia 
powders and sintering protocols were presented in Table 73 and Figure 104. Zpex Smile 
had significantly lower biaxial flexural strength than other zirconia materials for different 
sintering protocols. However, there was no significant difference in biaxial flexural 
strength of TZ-3YSB-E, TZ-3YB-E, and Zpex for different sintering protocols. 
Table 73. Least square means and Tukey test comparison of biaxial flexural strength for 
the interaction of zirconia powders and sintering protocols. 
Level Significance* Least Sq Mean 
Regular, Zpex A    936.86931 
Regular, TZ-3YSBE A B   922.16740 
Regular, TZ-3YBE A B   890.31484 
Fast, Zpex A B   888.64224 
Fast, TZ-3YBE A B   882.60771 
Fast, TZ-3YSBE A B   863.56407 
Speed, Zpex A B   835.02504 
Speed, TZ-3YBE  B   802.67347 
Speed, TZ-3YSBE  B   777.02967 
Fast, Zpex Smile   C  536.07073 
Regular, Zpex Smile   C D 493.79988 
Speed, Zpex Smile    D 375.88588 








3.5.7 Interactive Effect between Zirconia Powder and Post Treatment   
The least square means of biaxial flexural strength were presented in Table 75 and Figure 
106. Zpex Smile had significantly lower biaxial flexural strength than TZ-3YSB-E, TZ-
3YB-E, and Zpex for different post treatments. There was no significant difference in 
biaxial flexural strength for TZ-3YSB-E, TZ-3YB-E, and Zpex.  
Table 75. Least square means and Tukey test comparison of biaxial flexural strength for 
the interactive effect of zirconia powders and post treatments.  
Level Significance* Least Sq Mean 
TZ-3YSBE, LTD 1 wk A    995.76 
TZ-3YBE, LTD 1 wk A B   990.67 
Zpex, LTD 1 wk A B C  951.05 
Zpex, LTD 1d A B C  899.92 
Zpex, Control A B C  888.58 
TZ-3YBE, LTD 1d A B C  885.10 
TZ-3YSBE, Control A B C  864.47 
Zpex, Fatigue 100k A B C  860.60 
TZ-3YSBE, Fatigue 100k A B C  835.83 
TZ-3YSBE, LTD 1d A B C  835.36 
Zpex, Fatigue 50k A B C  834.08 
TZ-3YBE, Fatigue 50k A B C  820.81 
TZ-3YBE, Fatigue 100k A B C  820.64 
TZ-3YBE, Control  B C  775.43 
TZ-3YSBE, Fatigue 50k   C  739.85 
Zpex Smile, Control    D 513.79 
Zpex Smile, Fatigue 50k    D 488.75 
Zpex Smile, LTD 1d    D 454.11 
Zpex Smile, Fatigue 100k    D 452.15 
Zpex Smile, LTD 1 wk    D 434.11 










Figure 108. SEM fractographic analysis of (control) Tosoh zirconia TZ-3YSB-E, Zpex, 








CHAPTER 4: DISCUSSION 
4.1 Density of Various Zirconia Materials 
In the present study, there was a statistically significant difference in density for different 
types of Tosoh zirconia (p < 0.05). It was observed that the density for different zirconia 
materials had an order of Zpex > TZ-3YB-E > TZ-3YSB-E > Zpex Smile. The variation in 
zirconia density may be due to the chemical compositions and particle sizes of Tosoh 
zirconia powders.75 The higher yttria concentration led to the lower density.6 According to 
Tosoh Zirconia Brochure,73 yttria concentration in Zpex Smile was 9.35 wt% (5Y-PSZ), 
which was higher than 5.2 wt% for Zpex (3Y-TZP). According to Tosoh Zirconia 
Brochure,73 the density of fully sintered discs is 6.05 g/cm3 for TZ-3YSB-E and TZ-3YB-
E, and 6.08 g/cm3 for Zpex, while the theoretical density is 5.99 g/cm3 for Zpex Smile.76 
The zirconia density variation for different zirconia powders in our results agreed well with 
the zirconia density published by Tosoh Zirconia Brochure.73 In addition, the particle size 
of TZ-3YB-E powder was 40 nm while the particle size of TZ-3YSB-E powder was 90 
nm. Li Jiang et al. reported the sintered specimens made from 40-nm zirconia powders had 
higher density than 90-nm zirconia powders.77 This may explain the density of TZ-3YB-E 
was higher than TZ-3YSB-E. In our study, the results showed that density for different 
zirconia materials was higher than 5.81 g/cm3, which is above 95% of the theoretical 
density. 
However, different sintering protocols and post treatment had no significant effect on 






directly affected zirconia density.78 Fast and speed sintering protocols have been developed 
to fabricate zirconia ceramics with smaller grain size by curbing grain growth by applying 
a fast heating rate while keeping a high material density.79 Stevan M. Cokic et al. compared 
the density of Katana STML and CEREC Zirconia by speed sintering and regular sintering 
and found that there was no statistical difference between sintering protocols.48 The results 
of their study were consisted with the findings in our study. Ling Li et al. found that super-
speed sintering had lower zirconia density compared with regular sintering and further 
zirconia density increased with increasing dwelling time of super-speed sintering.80 For 
post treatments, our results were correlated with the study by Aboushelib et al. in which 
cyclic loading fatigue had no effect on the density of zirconia materials.81 Similar results 
were reported by Tsalouchou et al. that cyclic loading had limited to no effect on zirconia 
density, which might be due to a low number of cycles used.82 
4.2 Contrast Ratio 
Translucency parameter (TP) is one of the critical indications in the selection of restorative 
materials. Contrast ratio (CR) is calculated based on the reflectance values of a specific 
material thickness over black and white background. A. D. Bona et al.83 showed a strong 
correlation between TP and CR: as TP increases, CR decreases. CR values are in the range 
from 0 (transparent) to 1 (totally opaque). Our results showed that the effects of zirconia 
types and sintering protocols on contrast ratio were statistically significant (p < 0.05). For 
regular sintering and fast sintering, the contrast ratio for Zpex Smile was the lowest among 






observed for speed sintering. The contrast ratio for different sintering protocols had an 
order: regular sintering < fast sintering < speed sintering. 
Previous studies indicated microstructure, crystal phase and phase composition affected 
translucency and contrast ratio of zirconia materials.49, 72, 84-86 Increasing grain size could 
reduce grain boundary density and decrease scattering, giving high translucency and low 
contrast ratio values.13, 87 The grain size for Zpex Smile was significantly larger than TZ-
3YSB-E, TZ-3YB-E, and Zpex in our results, which contributed to the lowest contrast ratio 
of Zpex Smile for regular and fast sintering protocols.  
 However, our results indicated that a different response to speed sintering existed among 
the zirconia materials. The contrast ratio of Zpex Smile had a significant increase for speed 
sintering, making Zpex Smile the highest contrast ratio among different zirconia materials. 
The grain size for Zpex Smile increased dramatically to 2012 nm for speed sintering, from 
1058 nm for regular sintering and 1234 nm for fast sintering. A previous study reported by 
Jansen J. U. et al. also indicated that translucency was reduced when a 5 mol% yttria-
containing zirconia was sintered with a high-speed sintering protocol.55 But there was no 
explanation given for the observation in that study.55 In the study of N. C. Lawson et al., 
the reduction in translucency with the high-speed sintering was linked to the porosities 
within the in Zpex Smile specimens.54 Porosities prevented the passage of light through a 
specimen and thus decrease translucency.41 Compared to the microstructure (SEM images 
in Figure 45) of Zpex Smile for regular and fast sintering, there were some porosities 






could explain why the dramatically increased contrast ratio occurred in Zpex Smile for 
speed sintering. The results of our study suggested that speed sintering protocols should 
only be used with zirconia materials that are indicated for their use, otherwise there will be 
significant compromise in translucency.54 
Moreover, because of the higher yttria concentration, the cubic phase fraction in Zpex 
Smile was more than 40 wt% while the cubic phase fractions for other three zirconia types 
were around 7-8 wt%. Previous research indicated that the higher amount of cubic phase 
significantly increased translucency.88 Cubic zirconia is optically isotropic compared with 
tetragonal zirconia, which can effectively decrease light scattering, thus lowering contrast 
ratio values.43 Therefore, Zpex Smile was expected to have a higher translucency than other 
three zirconia materials.  
On the other hand, TZ-3YSB-E, TZ-3YB-E, and Zpex had the same yttria content of 5.2 
wt% and there was no significant difference in cubic phase fraction (7-8 wt%). But our 
results indicated that Zpex had a higher translucency when compared to TZ-3YSB-E and 
TZ-3YB-E. The difference in contrast ratio was mainly due to Al2O3 contents present in 
these zirconia materials. The Al2O3 content was 0.25 wt% for TZ-3YSB-E and TZ-3YB-
E, which decreased to 0.05 wt% for Zpex. Al2O3 has been reported to reduce the 
translucency as Al2O3 grains get segregated along the grain boundaries of zirconia.89, 90 
Al2O3 had a distinct refraction index than zirconia. Thus, light scattering happened when 
light traveled across the alumina and zirconia boundaries.41 F. Zhang reported that lowering 






TZ-3YSB-E had higher translucency than TZ-3YB-E since the grain size of TZ-3YSB-E 
was larger than TZ-3YB-E. 
4.3 Grain Size 
The microstructure of the sintered specimens was recorded by scanning electron 
microscope (SEM) and the grain size was determined by analyzing SEM images using a 
lineal intercept method.92 The effects of zirconia types, sintering protocols, and post 
treatments on grain size were investigated in the present study. Our results revealed that 
there was a significant difference in grain size among zirconia materials (p < 0.05). Zpex 
Smile had the largest grain size while Zpex had the smallest. The grain size for TZ-3YSB-
E, TZ-3YB-E and Zpex decreased from regular, fast to speed sintering in the control group, 
but there was no significant difference in the grain size among sintering protocols. 
However, there was a significant difference in the grain size of Zpex Smile for different 
sintering protocols: the grain size for speed sintering was significantly larger than fast 
sintering; fast sintering was significantly larger than regular sintering. Our results indicated 
that there was no significant difference in grain size of zirconia materials for post 
treatments. 
Previous studies reported that increasing sintering temperature combined with decreasing 
sintering time (speed sintering) resulted in a smaller grain size.55, 93 The smaller grain size 
of TZ-3YSB-E, TZ-3YB-E and Zpex for speed sintering in our study was in agreement 






materials obtained by speed sintering and regular sintering.93 They found that speed 
sintering resulted in a significantly smaller grain size compared with regular sintering. 
Our results also indicated that the grain size for Zpex Smile increased dramatically for 
speed sintering. Previous studies mentioned that higher yttria concentration caused yttria 
moving to grain boundaries at high sintering temperature and increased grain size. 
However, it is still not quite clear why 5Y-PSZ had substantially large grain size for speed 
sintering.54 Another study from S. M. Cokic et al., indicated that the grain size of 3Y-TZP 
was similar regardless of sintering protocols, while the 5Y-PSZ had significantly larger 
grain size for speed sintering, which was consistent with our results.48 J. U. Jansen et al. 
compared the grain size of 3Y-TZP and 4Y-PSZ zirconia materials sintered based on two 
high-speed sintering protocols (final temperature 1570 oC and 1590 oC). Their results 
indicated that grain size of both zirconia materials increased with increasing final sintering 
temperature of high-speed sintering.55 
 Similar results were reported in a study by Tekeli et al. in which they reported that a high 
sintering temperature increased the grain size of zirconia materials.94 Another study by 
Catramby et al. and Ozcan et al. reported that the grain size of zirconia increased with an 
increase in sintering temperature.84, 95 Chevalier et al. also reported that higher sintering 
temperature resulted in larger grain size.96-98 The results of these studies may provide some 







4.4 Crystal Phase and Phase Fraction 
Zirconia restorative materials, mainly stabilized by yttria, have three common crystal 
phases: monoclinic, cubic, and tetragonal. The effects of zirconia types, sintering protocols, 
and post treatments on these crystal phases as well as phase fractions were investigated in 
our study. The crystal phases were examined using X-ray diffractometer (XRD). The phase 
fraction was determined by full-profile refinements using GSAS-II.74 Our results showed 
that the cubic phase fraction for TZ-3YSB-E, TZ-3YB-E, and Zpex was around 7-8 wt% 
while Zpex Smile had a significant higher cubic phase fraction of about 40 wt%, which 
was in a good agreement with the reported data by F. Zhang et al.6 Moreover, there was no 
significant difference in cubic phase fraction for the specimens with different sintering 
protocols and post treatments, which was consistent with the reports in the literature.55 
Our results indicated that there was no significant difference in monoclinic and tetragonal 
phase fraction of the specimens for regular, fast, and speed sintering. There was no 
significant difference in the monoclinic and tetragonal phase fraction for cyclic loading 
fatigue 50k and fatigue 100k, as compared to the control group. However, LTD 1d had a 
significantly higher monoclinic phase fraction than the control group for TZ-3YB-E, TZ-
3YSB-E, and Zpex (p < 0.05). The monoclinic phase fraction had a significant increase 
from LTD 1d to LTD 1wk. Increasing LTD time led to more tetragonal phase transformed 
to monoclinic phase before the phase transformation limit reached, which were consisted 
with other studies.99, 100 Xin Gou et al. indicated that when zirconia materials were 






environment, and further changed the energy barrier for tetragonal to monoclinic phase 
transformation.101 
The cubic phase fraction of Zpex Smile was about 40 wt% regardless of sintering protocols, 
and the rest was tetragonal phase, accounting for 60 wt%. But there was no monoclinic 
phase in Zpex Smile zirconia. Interestingly, there was no phase transformation from 
tetragonal to monoclinic for the specimens subjected to LTD 1d or LTD 1wk post 
treatment. Inokoshi M. et al. suggested that the higher concentration of yttria made Zpex 
Smile have more cubic phase fraction compared to other zirconia materials. Cubic zirconia 
is a stable phase and yttria content in the residual tetragonal zirconia of Zpex Smile was 
high, yielding high resistance to low temperature degradation.69 However, without the 
ability of tetragonal to monoclinic transformation toughening led to the downside in 
mechanical properties of Zpex Smile including low flexural strength and fracture 
toughness. These results were in accordance with studies reported by Lawson et al.28 and 
V. Lughi et al.99 Similar results were reported by Papanagiotou et al., that increased cubic 
phase led to high resistance to phase transformation from tetragonal to monoclinic during 
hydrothermal aging (LTD).67, 102 
Our results also reported there were no changes in the crystal structures of the zirconia 
material when subjected to either 50k or 100k fatigue cycles. This demonstrated that the 






The changes in the crystal phase and phase composition could reflect on the optical and 
mechanical properties of TZ-3YB-E, TZ-3YSB-E, Zpex, and Zpex Smile zirconia 
materials, which will be further discussed in the following section. 
4.5 Biaxial Flexural Strength 
Flexural strength is one of the most important mechanical properties for brittle dental 
materials as it is much weaker in tension relative to compression side. In our study, the 
biaxial flexural strength was performed with ball-on-three-balls (B3B) test according to 
ISO 6872: 2015.103 The effects of zirconia types, sintering protocols, and post treatments 
on biaxial flexural strength were investigated in our study. Our results indicated that Zpex 
Smile had a significantly lower biaxial flexural strength than TZ-3YB-E, TZ-3YSB-E, and 
Zpex (p < 0.05). Due to the higher yttria content, Zpex Smile had significantly higher cubic 
phase fraction (about 40 wt%) than other three zirconia materials (about 7-8 wt% cubic 
phase). The higher cubic phase fraction in Zpex Smile significantly increased the 
translucency but dramatically lowered zirconia flexural strength. Moreover, the larger 
grain size, combined with lack of tetragonal to monoclinic phase transformation 
toughening dramatically decreased the flexural strength of Zpex Smile. There was no 
significant difference in biaxial flexural strength for TZ-3YB-E, TZ-3YSB-E, and Zpex. 
Our results indicated that speed sintering had a significantly lower biaxial flexural strength 
of zirconia materials compared with regular and fast sintering. A previous study reported 
by N. C. Lawson et al. showed that Zpex Smile experienced 40% decrease in flexural 






mol% yttria stabilized zirconia exhibited that sintering at above 1550 oC led to openings in 
the microstructure of zirconia (pores) and a decrease in the flexural strength.104 Porosities 
could also be seen in the Zpex Smile obtained by speed sintering protocol in our study. N. 
C. Lawson et al. indicated that these porosities existed because of the increased temperature 
or heating rate used in speed sintering protocol and brought about a decrease in flexural 
strength.54 The porosities observed at grain boundaries of Zpex Smile likely originated 
from insufficient fusing of grains and the intergrain porosities may form when large grains 
were developed from smaller grains incomplete union. J. U. Jansen et al. investigated the 
impact of speed sintering on biaxial flexural strength of 3 mol% yttria stabilized zirconia 
and found that the biaxial flexural strength remained the same after the speed sintering 
protocol.55 Our results also showed that there was no significant difference in biaxial 
flexural strength for the 3 mol% yttria stabilized zirconia (TZ-3YB-E, TZ-3YSB-E, and 
Zpex), which was in agreement with the results in the literature.55 However, N. M. Ersoy 
et al. reported that zirconia specimens showed a higher flexural strength when they are 
sintered at 1580 oC for 10 min compared with 1510 oC for 120 min.50 
Research on the effect of LTD and cyclic loading fatigue on dental zirconia has attempted 
to predict the cause of failure after long-term use. Our results indicated that the biaxial 
flexural strength of LTD 1wk was significantly higher compared to other post treatments. 
However, no significant difference was observed for control, LTD 1d, fatigue 50k, and 
fatigue 100k cycles. Flinn et al. reported that the flexural strength decreased or remained 






LTD did not affect the flexural strength of zirconia.106 A recent study by M. G. Nam et al. 
reported that the flexural strength of translucent zirconia was unaffected by LTD.107 We 
also examined the fracture surface using fractographic analysis in our study. SEM images 
were recorded for sintered zirconia in the control group and LTD 1wk. The obvious 
transformed surface layer of TZ-3YSB-E in Figure 110 was observed. This transformation 
layer was due to phase transformation from tetragonal to monoclinic by the post treatment 
of LTD 1wk. The increase in biaxial flexural strength might be explained by the toughening 
mechanism. The tetragonal to monoclinic phase transformation led to volumetric 
expansion, which resulted in a compressive stress and stopped the crack propagation. 
Therefore, more force was needed to fracture TZ-3YSB-E specimens. The initial point and 
fracture direction were marked (Figure 109). In most cases, the fracture of TZ-3YSB-E 
specimens was started from the inner defects. However, the transformed layer was absent 
for Zpex Smile (Figure 110), which did not have phase transformation toughening 
mechanism, leading to lower flexural strength for Zpex Smile compared to TZ-3YSB-E. 
The initial point and fracture direction were also marked in Figure 109. In most cases, the 
fracture of Zpex Smile specimens was started from the surface defects. 
Clinical Implication and Limitations: 
Speed sintering of zirconia materials is attractive because of fewer treatment appointments, 
reduced treatment time, and lower cost. Dentists should be aware of the clinically relevant 
effects of speed sintering on the microstructural, mechanical, and optical properties of 






A limitation of this study is that zirconia materials from only one manufacturer were 
evaluated with different sintering protocols. Homemade zirconia specimens may have 
lower density than the commercial made. Therefore, the results obtained from this study 
may be different from the studies on other zirconia brands regarding the microstructure, 
mechanical, and optical properties. Secondly, the study is performed in vitro and it may be 
a challenging task in replicating it in vivo environment, which requires further standardized 
research. Additionally, further studies are needed to standardize results in order to 


























CHAPTER 5: CONCLUSIONS 
Within the limitations of this in vitro study, the following conclusions were drawn:  
1. Zpex Smile had significantly lower density compared to Zpex, TZ-3YSB-E, and 
TZ-3YB-E. There was no statistical significance in zirconia density for different 
sintering protocols and post treatments. 
2. The effects of zirconia types and sintering protocols on contrast ratio were 
statistically significant.  
3. The contrast ratio of Zpex Smile for regular sintering and fast sintering was the 
lowest among zirconia types. However, a dramatic increase in contrast ratio of Zpex 
Smile was observed for speed sintering. 
4. There was a significant difference in grain size among zirconia types (p < 0.05). 
Zpex Smile had the largest grain size while Zpex had the smallest. 
5. The grain size for TZ-3YSB-E, TZ-3YB-E and Zpex decreased from regular, fast 
to speed sintering in the control group, but there was no significant difference. 
6. There was a significant difference in the grain size of Zpex Smile for different 
sintering protocols. 
7. There was no significant difference in grain size of zirconia materials for different 
post treatments. 
8. Zpex Smile had a significant higher cubic phase fraction as compared to TZ-3YSB-






9. There was no significant difference in cubic phase fraction for the specimens with 
different sintering protocols and post treatments 
10. LTD 1d had a significantly higher monoclinic phase fraction than the control group 
for TZ-3YB-E, TZ-3YSB-E, and Zpex. The monoclinic phase fraction had a 
significant increase from LTD 1d to LTD 1wk. 
11. Zpex Smile had a significantly lower biaxial flexural strength than TZ-3YB-E, TZ-
3YSB-E, and Zpex. 
12. Speed sintering had a significantly lower biaxial flexural strength for all zirconia 
materials compared with regular and fast sintering. 
13. The biaxial flexural strength of LTD 1wk was significantly higher compared to 
other post treatments for Zpex Smile. 
14. There is no significant difference in biaxial flexural strength for control, LTD 1d, 
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